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The opening of Calcium permeable channels in response to their selective stimulus, 
such as mechanical stress or agonists, causes an influx of Calcium ion into cells. 
Intracellular calcium signalling is of importance, as the Calcium ion is a potent and 
versatile intracellular messenger that regulates a wide range of spatial and temporal 
cellular signals. Intracellular calcium level, is tightly controlled by efflux from the 
cell through ion transporters, sequestration in intracellular compartments, buffering 
high affinity cytosolic Calcium-binding proteins, and influx through regulated ion 
channels. Microfluidic based solutions have assisted in the investigation of various 
aspects of intracellular calcium signalling, due to the ability for small reagent 
volumes, parallelism, and short assay durations. 
One area of interest for biologists and engineers is mechanotransduction, in which 
cells sense mechanical stimulation from their surroundings, which subsequently 
cause a cascade of biological events in response to this stimulation. These events 
modulate a range of cellular functions, such as proliferation; differentiation; 
migration; which in turn are crucial for cellular homeostasis and function. Different 
mechanical forces, for instance, shear stress, strain/stretch, and compression are 
being examined on microfluidic platforms, through flow chambers, flexible 
membranes and valves, respectively. Of interest is shear stress, which if often used 
for the investigation of drug delivery and transport of chemical agents to target 
studies, and on the other hand is used as an independent stimulus - to gain a better 
insight into shear stress flows experienced within the human body. For instance, 
hemodynamic forces in the Arterial and Venus systems range from 10 to 60 dyn/cm
2
. 
However, microfluidic and conventional biological strategies are limited in the shear 
stress range, which can be applied to non-adherent cells; such strategies are limited 
to approximately 20 dyn/cm
2
.  
In order to address this issue, I developed Discontinuous Dielectrophoresis, a 
novel microfluidic based approach to overcome the limited shear stress range, such 
that a shear stress range up to 63 dyn/cm
2
 with a trapping efficiency of greater than 
90% can be investigated, as discussed in extensive detail in the thesis. Discontinuous 
Dielectrophoresis takes advantage of Dielectrophoresis, in which label-free, non-
invasive, selective and quick immobilisation of cells can be achieved. However, 
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unlike conventional Dielectrophoresis experiments, the electric field does not remain 
active during experiments, which allows biological buffers, such as HBS (HEPES 
buffered saline), to be supplied to the cells during experiments. In addition, the short 
activation of the electric field, of around 120 s, minimises damage to the cell 
behaviour and viability – which resulted in cell viability rates greater than 90%. 
In this thesis, I focus on three different experimental shear stress conditions of 
shear stimulus influence on intracellular calcium signalling, with HEK-293-TRPV4 
as the model cell line, transfected stably expressing TRPV4 (Transient Receptor 
Potential Vaniloid). TRPV4 is a mechano-sensitive, non-selective Ca
2+
 permeable 
cation channel, expressed in vascular endothelial cells - which experience shear 
stress from blood flow. TRPV4 is a polymodal receptor, which plays important roles 
in cellular processes such as mechano-, thermo-, and osmo- sensation. All different 
conditions of shear stress simulation were achieved by utilising the Discontinuous 
Dielectrophoresis procedure, to enable the investigation of high shear stress influence 
to be investigated.  
Firstly, I investigated the influence of singular shear stress, which occurs in a 
straight channel, with a singular shear stress present throughout the channel. High 
levels of shear stress were applied to non-adherent cells, with shear stresses up to  
63 dyn/cm
2
 investigated. With experiments indicating, reduced cellular and peak 
response times, increased pharmacological efficacy and percentage of activated cells, 
with increasing shear stress.  
Secondly, I investigated concurrent high shear stress and chemical (TRPV4-
selective agonist, GSK1016790A) stimulation. Experiments were undertaken at 
different shear stress levels and GSK1016790A concentrations. The experiments 
revealed that shear stress sensitises GSK1016790A-evoked intracellular calcium 
signalling of cells in a shear-stimulus dependent manner. 
Thirdly, I explored the influence of a spatial shear stress gradient and dynamic 
shear stress. A spatial shear stress gradient was achieved via the design of a unique 
lateral trapezoid microfluidic microchannel, which was made possible using 3D 
printing techniques. As a result the shear stress profile increases laterally across the 
microfluidic channel, producing a spatially resolved shear stress gradient, over a 
large shear stress range. Along the spatial shear stress gradient (from low to high 
shear stress), a decrease in the response and peak response times was observed; 
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however, no change was observed in the maximum fold increase of the intracellular 
calcium level. Dynamic shear stress, was achieved by varying the shear stress 
temporally on the trapezoid microfluidic platform; with the temporal shear stress 
applied in a pulsatile like manner. Experiments revealed that the percentage of cells 
decreased significantly, and slower cellular and peak response times were observed, 
in comparison to the spatial shear stress gradient (in the absence of temporal shear 
stress) of the same shear stress level. 
Consequently, these investigations into different shear stimulus scenarios 
suggested that the role of TRPV4 may be underestimated in endothelial cells - which 
experience high levels of shear stress. This in turn, highlighted the importance of 
conducting studies at high levels of shear stress. In particular, one must also consider 
more complicated scenarios, such as shear stress gradients, or concurrent stimulation 
with chemicals or heat, for instance, at high shear stress levels. Or on the other hand, 
dynamic shear stress, such as temporal shear stress.
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Whāia te iti kahurangi, ki te 
tūohu koe,  
me he maunga teitei  
Whakataukī 
 
Seek the treasure you value most dearly,  
if you bow your head,  
let it be to a lofty mountain 
Māori proverb 
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Chemical and physical cues from their surrounding three-dimensional 
microenvironment are sensed by the cell, which sets off a cascade of events in the 
cell in response to the stimulus. Each and every section of the cascade plays a crucial 
role in the regulation of cell functioning and behaviour. This intracellular signalling 
pathway results in physiological changes within the cell, the process is very 
dependent on the initial stimulus and subsequent intracellular signalling system [1]. 
The thesis considers intracellular calcium signalling, which plays crucial roles in 
physiological processes, for instance in muscle contraction and neurotransmitter 
release. With the main focus on gaining a better insight into the influence of high 
shear stress flows on intracellular calcium signalling, with HEK-293-TRPV4 being 
used as the model cell line. Current approaches have been hindered to low levels of 
shear stress, which do not encompass the physiological shear range [2]. This 
provided the motivation for the first objective, as listed below: 
1.  A method for the robust immobilisation of non-adherent cells to enable high 
shear stress analysis, which resulted in the Discontinuous Dielectrophoresis 
procedure; 
 
A microfluidic approach was selected, due to the extensive use of microfluidic 
platforms for physiological analysis as an alternative to conventional methods; in 
conjunction with the durability and freedom of different mechanisms that can be 
utilised. The subsequent objectives of the thesis are directly related to intracellular 
calcium signalling, and the second motivation. In which the influence of high levels 
of shear stress on intracellular calcium signalling is examined under different 
conditions. This is of importance as cells are subjected to shear stress in their 
microenvironments that vary in complexity [3]. The three main conditions examined 
in the thesis are as follows:  
2. The investigation of intracellular calcium signalling to shear stress stimulation; 
3. The investigation of intracellular calcium signalling to concurrent shear stress 
and chemical stimulation; 
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4. The investigation of intracellular calcium signalling to spatial shear stress, and 
dynamic shear stress, in the form of temporal shear stress. 
The nature of microfluidics intertwines various different knowledge aspects to 
achieve successful outcomes. Therefore, when designing a device for fundamental 
research, such as physiological research like intracellular calcium signalling, these 
difference aspects need to be considered. The key knowledge aspects relating to the 
work presented in the thesis are discussed in the following subsections.  
Initially, discussing mechanotransduction, the processes in which cells respond to 
mechanical stimulus, its importance in the area of cell physiology research. 
Mechanical stimulation appears in various forms, such as shear stress, tensile stress 
(stretch and strain), cell compression, and gravitational forces [4-8]. The thesis 
focuses on flow-induced shear stress stimulation and the influence this has on 
intracellular calcium signalling, the importance of intracellular calcium signalling is 
briefly discussed. 
Secondly, the opportunities that microfluidics offers for investigating 
physiological and pathological conditions, to mechanical stimulus are presented. 
Finally, this leads into microfluidic platforms that offer the ability to investigate 
shear stress stimulus, and the role that this plays on intracellular calcium signalling. 
Shear stress stimulus is of interest, as cells are exposed to shear stress in their 
microenvironments which vary in complexity [3, 9-11]. In addition, immobilisation 
techniques are discussed, focusing on microfluidic solutions, as this provides the 
basis for high shear stress analysis - as cells need to remain immobilised throughout 
the experiment. 
Cells are consistently receiving signals and responding to signals from their 
microenvironment. Mechanotransduction, is defined as the cascades of events in 
which cells sense a mechanical stimuli and subsequently respond, by converting 
them into biochemical signal which evoke a cellular response [12, 13]. This response 
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allows cells to adjust to physical changes in their microenvironment, furthermore, 
mechanotransduction is not limited to specialist cells/tissues, but is involved in 
numerous cellular functions [12, 14]. Different mechanical stimuli are experienced in 
the human body, for instance: endothelial cells, which line the internal side of the 
cardiovascular system; stromal cells, which surround the outer of blood cells; and 
blood cells [15, 16].  
A cascade starts with a stimulus, which is then transposed into the cell via a 
receptor, membrane receptor classes include G-protein-coupled, ion channel, and 
enzyme-linked receptors. Once a signal is received by the receptor, the receptor 
undergoes a conformational change, subsequently setting off a series of biochemical 
reactions within the cell [16-19]. These pathways of biochemical reactions are called 
intracellular calcium signalling pathways or signal transduction cascades; these 
events both carry the signal into the cell and amplify the signal [17, 18]. These events 
are coordinated internally by secondary/intracellular messages, for instance, cyclic 
adenosine monophosphate (cAMP), Diacylglycerol (DAG), and the Calcium ion 
(Ca
2+
) [18-22]. The resulting cellular response to mechanical stimulus affects a range 
of cellular functions, for instance: proliferation, differentiation, migration and is 
crucial for cellular homeostasis and function [23, 24]. On the other hand, 
abnormalities in any section in the cascade, such as in a receptor, can lead to health 
related issues [20, 25]. For example, abnormalities in the functioning of 
mechanosensitive channels can result in polycystic kidney, neuronal, muscular 
degeneration, and cardiac diseases [26, 27]. Investigating the influence of different 
stimulus on the intracellular signalling pathways and subsequent cellular responses, 
will not only gain better understanding of the signalling pathway but these 
abnormalities. 
The Calcium ion (Ca
2+
) is a potent and versatile intracellular messenger, which 
regulates a wide range of spatial and temporal cellular signals. Intracellular calcium 
level, is meticulously controlled by efflux from the cell through ion transporters, 
sequestration in intracellular compartments, buffering high affinity cytosolic Calcium 
binding proteins, and influx through regulated ion channels [28]. An influx of Ca
2+
 
into the cell is caused by the opening of Calcium permeable channels, in response to 
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their selective stimulus, for example, mechanical stress or agonists. This influx 
increases the intracellular calcium level, which is measurable through the use of Ca
2+
 
sensitive dyes. 
For a model cell line, HEK-293 cells were used, as they express a limited range of 
transient receptor potential (TRP) channels and easy to work with. The HEK-293 
cells were transfected to stably express the TRPV4 ion channel, in suspension. Such 
a cell line has been used extensively to investigate the characteristics of TRPV4  
[2, 29]. TRPV4 is a mechanosensitive Calcium permeable ion channel, and is a 
member of the TRP family of ion channels, which are known to be involved in 
controlling vascular homeostasis and tone [26, 30, 31].  
 
Microfluidic platforms offer an alternative platform for the investigation of 
mechanotransduction studies (in comparison to conventional techniques). 
Researchers have demonstrated the potential of microfluidic platforms in 
investigating mechanotransduction, from single cells analysis to tissues-/organs- on 
chip [5, 32-37]. Microfluidic platforms offer several advantages, which include an 
increased diversity in achievable experimental conditions, better control of the 
extracellular environment, reduced reagent volumes, decreased necessary sample 
size, high-throughput, enhanced sensitivity, and the capacity for multiplexing and 
automation [5, 7, 33, 38-41]. Platforms which investigate mechanotransduction are 
often characterised by the resolution of the force they provide, from cell components, 
to an entire cell, to an entire cell population, regardless of the stimulus applied [6]. 
These three categories are briefly discussed, with the commonly used microfluidic 
techniques highlighted, as follows: 
(1) Cell components. Magnetic tweezing solutions, such as magnetic twisting 
cytometry, are a suitable microfluidic technique for the manipulation of the internal 
cell components [42, 43]. In magnetic twisting cytometry, a functionalised magnetic 
bead is attached to the cell, with the magnetic field inducing twisting moment on the 
bead, which results in local twisting. Alternatives to these solutions include atomic 
force microscopy and cell poking [44, 45]. A force resolution of approximately 10
-10
 
to 10
-12
 N is achieved with these devices, to probe the cell components [6].  
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(2) An entire cell. Common microfluidic techniques include optical tweezing, 
acoustic tweezing, or using hydrodynamics for deflectable membranes to apply 
whole cell compression to a single cell [46-49]. Micropipette aspiration is an 
alternative to these solutions [50]. A force resolution of approximately 10
-10
 to  
10
-11
 N is achieved with these devices, to deform the entire cell [6]. (3) Entire cell 
population. Shear stress flow methods and stretching devices, where the substrate the 
cells are attached to is mechanically stretched, are commonly used to stimulate an 
entire cell population [51-53]. For example, a microfabricated lung with a flexible 
polydimethylsiloxane (PDMS) membrane, which is stretched during the recreation of 
physiological breathing movements [53]. Shear stress microfluidic platforms are 
discussed in more detail in the following Microfluidic Platforms for Various Shear 
Stress Applications. Hydrostatic or osmotic pressure provides an alternative 
technique to these two techniques [54, 55]. Stimulation of approximately 10
2
 to 10
4
 
cells is achievable with these devices [6]. 
Commonly used shear devices include cone and plate apparatus as well as parallel-
plate chambers. There devices however, enable only one shear stress to be applied 
throughout an experiment [56-58]. Microfluidic platforms, offer an alternative to 
these devices, as microfluidic platforms offer control and variability of the 
microenvironment, whether it be temporal, spatial, or chemical/drug investigation [7, 
58-60]. For ease, in this thesis, microfluidic platforms used for shear stress analysis 
on cells are classified as one of two types, with each of the types discussed as 
follows:  
(1) Singular Shear Stress, in which a singular shear stress is present throughout 
the channel, produced when using a straight channel. For instance, a straight 
microfluidic channel which produces a singular shear stress throughout the channel. 
For enabling various analyses to occur multi-channel devices with channels of 
varying widths to produce discrete levels of shear stress can be used [52, 56, 58, 61-
63]. A multi-shear device, with each of the ten channels at different singular shear 
stress levels was developed by Chau et al.; such a device was designed to enable 
concurrent investigation under shear stress conditions over a large range of shear 
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stress. Furthermore, such a device was used to study HUVECs (Human Umbilical 
Vein Endothelial Cells) and their shear-dependent regulation of vWF (von 
Willebrand factor), cell elongation, and actin filament alignment along the direction 
of shear stress, over a shear stress range of 0 to 130 dyn/cm
2
 [56].  
(2) Spatially resolved shear stress gradient. Examples of these devices include, 
contracting-expanding geometries, tapered microfluidic channels, utilising a Braille 
display, to generate shear levels capable of fluid mechanical regulation and temporal 
(such that the applied shear stress is changed over time, for example pulsatile)  
[2, 38, 56, 59, 64-66]. A stenotic channel to mimic the arterial profiles found in 
clinical pathology, was used by Li et al. for investigating whole blood samples [66].  
More complicated microfluidic platforms, that influence the flow profile over time in 
some manner, commonly encompass features such as intersecting channels and 
flexible membranes; these platforms tend to be more focused on replicating and 
examining complicated functioning, such as organs-on-chip or interstitial-like flow 
which replicate living organs as closely as possible [7, 53, 67, 68]. An interesting 
example is a microfluidic platform by Zervantonakis et al. to recreate the tumour-
vascular interface in three-dimensions, which also offered control over the 
microenvironment, for instance, cell to cell interactions [68]. 
A common problem with many cell lines, including HEK-293 cells, is that they do 
not adhere sufficiently to glass or polymer substrates, which restricts high shear 
stress studies. Hemodynamic forces in the Venus and Arterial systems are in the 
range of 10 to 60 dyn/cm
2 
[69]. However, for studying the effect of shear stress on 
TRPV4-expressing cells shear stress has been limited to 20 dyn/cm
2
, which is 
predominantly due to the challenges associated with cells detaching from the 
substrate at high shear stress levels [2, 31]. Thus, understanding the response of the 
TRPV4 channel over the entire physiological range of shear stress has been limited. 
To enable analysis over the entire physiological shear stress range, an immobilisation 
approach was required with a high trapping efficiency over this range. Various 
different approaches were consider, as briefly discussed below, along with the 
resulting immobilisation approach designed to enable high shear stress analysis, 
Discontinuous Dielectrophoresis. Reported immobilisation approaches for non-
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adherent cells can be separated into classical processes, commonly invoked by 
biologists and microfluidic approaches which take advantage of different 
mechanisms. In cellular assays the ability to stably immobilise cells is important, as 
this allows stimulation to occur and monitoring of cellular processes using a variety 
of techniques [36].  
Classical methods, utilise surface modification techniques [70], which can be 
carried out by coating the substrate surface with biomimetic peptides like  
Poly-L-lysine or Poly-L-ornithine [71, 72]; cell adhesive proteins like laminin or 
fibronectin [73]; or patterning a suitable ligand onto the substrate which allows cells 
to attach, spread and migrate along the surface [74, 75]. Unfortunately, these 
methods present several drawbacks such as: protein adsorption into the substrate, and 
the interaction between the cell and the surface modified substrate. This can cause 
instability in cellular arrangement, especially under high shear stress conditions and 
affect the biology of the cells, thus, contributing to a change in the biological 
response [76]. Consequently, these methods are not ideal for immobilisation of non-
adherent cells for high shear stress experimentation.  
On the other hand, microfluidic systems offer quick and controllable 
immobilisation of cells using a variety of mechanisms, for instance:  
(1) Hydrodynamics, where cells are immobilised between structures, such as traps 
[77-79]. (2) Hydrogels, enable cells to be immobilised in three-dimensional 
structures, at low shear stress levels [80, 81]. (3) Optical tweezing, in which multi-
beam interference patterns are produced to immobilise multiple cell clusters [82-84]. 
(4) Acoustophoresis, offers precise vertical location control, label-free, and non-
invasive manipulation of both single and multiple cells [85, 86]. (5) Magnetic 
tweezers, on the other hand, requires the labelling of cells with immuno-magnetic 
tags to immobilise them [42]. (6) Dielectrophoresis, enables the label-free, selective, 
and rapid immobilisation of cells in microfluidic systems [87-89].  
Each of these mechanisms in their own right, immobilise cells with high success, 
however, were deemed unsuitable for investigating the influence of high shear stress 
flow, which led to establishing Discontinuous Dielectrophoresis. Discontinuous 
Dielectrophoresis is a procedure which enables label-free immobilisation of non-
adherent cells, with cells immobilised by an electric field activated for only 120 s, 
and experiments conducted in a biological buffer. For instance, using 
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hydrodynamics, the structures have the ability to interfere with the natural 
deformation response of the cell [77]; on the other hand, optical tweezing presents 
the possibility of radiation pressure that potentially affects cell functioning and 
viability [84]. Discontinuous Dielectrophoresis takes advantage of Dielectrophoresis, 
in regards to label-free, selective, and rapid immobilisation of cells. Furthermore, 
Discontinuous Dielectrophoresis overcomes several critical implications of 
Dielectrophoresis, such as long-term expose to strong electric fields, temperature rise 
of the medium due to Joule heating, and the presence of a low electrical conductivity 
buffer which does not provide suitable nutrients to the cells [28, 75, 90]. This was 
done by the electric field activation restricted to 120 s, to enable a suitable cell 
population to immobilise, which also enabled a biologically suitable buffer, such as 
HEPES buffered saline (HBS) to be supplied to the cells for the remaining 
experimental duration. Discontinuous Dielectrophoresis enables a trapping efficiency 
of approximately 90%, in which cells remain immobilised, when applying a high 
shear stress of 63 dyn/cm
2
. This capability enabled the investigation of shear-induced 
calcium signalling of HEK-293 cells stably expressing TRPV4 over the full 
physiological range of shear stress. The Discontinuous Dielectrophoresis procedure 
and subsequent shear stress analyses are discussed throughout the thesis. The 
resulting contributions from this work are highlighted in the following section Thesis 
Contributions. 
The most significant contribution arising from the thesis is the Discontinuous 
Dielectrophoresis procedure, which enables the investigation of high shear stress on 
non-adherent or loosely adherent cells. A trapping efficiency greater than 90% at a 
shear stress of 63 dyn/cm
2
 was achieved [61, 91, 92], which encompasses the 
physiological shear range of 10 to 60 dyn/cm
2
 experienced in Arterial and Venus 
systems [69]. In essence, these are cells that do not stick or adhered readily to a 
smooth surface. Other contributions include: 
1. Discontinuous Dielectrophoresis, enabled high shear stress analysis of 
intracellular calcium signalling analysis of HEK-293 cells. With results 
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indicating a clear increase in the maximum fold of intracellular calcium level 
([Ca
2+
]i), as well as an increase in the percentage of activated cells [61]. 
2. Shear stress sensitises GSK1016790A-evoked (chemical agonist) intracellular 
calcium signalling of cells in a shear-stimulus dependent manner [92]. 
3. A spatial shear stress gradient was achieved, through the use of a trapezoid 
channel, which produced a spatial shear stress gradient spanning the width of 
the channel. Such a platform enables the concurrent analysis of different 
shear stress levels in one point of view (defined by the microscope image 
capturing region). 
4. For a spatial shear stress gradient, an increase in shear stress (across the width 
of the channel) resulted in a decreased cellular and peak response times. This 
was similar to the trend observed for cellular and peak response times for the 
singular shear stress gradient, in which both of these parameters decreased 
with an increase in the applied shear stress level.  
5. The cellular and peak response times were considerably reduced with the 
spatial shear stress gradient, compared to the response times observed for a 
singular shear stress of the same magnitude. 
6. Temporal shear stress was carried out in a pulsatile like manner. For temporal 
shear stress, the percentage of activated cells and maximum fold increase of 
[Ca
2+
]i, increased from the first to the third pulsatile cycle. 
7. A direct comparison between spatial shear stress gradient and the first cycle 
of the temporal shear stress. Experiments revealed that the percentage of 
activated cells, was observed to be lower in the presence of temporal shear 
stress. Furthermore, the peak and cellular response times, were considerably 
slower in the presence of temporal shear stress. 
The following publications have resulted from this work: 
 Soffe R, Baratchi S, Tang SY, Nasabi M, McIntyre P, Mitchell A, Khoshmanesh 
K. “Analysing the calcium signalling of cells under high shear flows using 
discontinuous dielectrophoresis”, Scientific Reports, 2015, 5, 11973.  
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 Soffe R, Baratchi S, Tang SY, McIntyre P, Mitchell A, Khoshmanesh K. 
“Discontinuous Dielectrophoresis: A Technique for Investigating the Response 
of Loosely Adherent Cells to High Shear Stress”, Proceedings of the 9th 
International Joint Conference on Biomedical Engineering Systems and 
Technologies (BIOSTEC 2016), 2016,1, 23-33. 
 Soffe R, Baratchi S, Tang SY, Mitchell A, McIntyre P, Khoshmanesh K. 
“Concurrent Shear Stress and Chemical Stimulation on Mechano-sensitive Cells 
by Discontinuous Dielectrophoresis”, Biomicrofludics, 2016,10, 024177. 
 Soffe R, Baratchi S, Nasabi M, Tang SY, Boes A, Mitchell A, McIntyre P, 
Khoshmanesh K. “Lateral Trapezoid Microfluidic Platform for Investigating 
Mechanotransduction of Cells to Spatial Shear Stress Gradients”, Submitted. 
Work relating to this thesis has also been presented in other formats: 
 Poster Presentation, “Investigating the Shear Induced Calcium Signalling of Non-
Adherent Cells using a Dielectrophoresis-Based Microfluidic Platform”, School 
of Electrical and Electronic Engineering Research Day RMIT University, 
Australia, August 2014, 3
rd
 best poster. 
 Oral Presentation (Abstract), “Investigating the Shear-Induced Calcium 
Signalling of Mammalian Cells using a Dielectrophoresis-Based Microfluidic 
Platform”, 7th International Conference on Advanced Material and 
Nanotechnology, AMN-7, New Zealand, February 2015. 
 Oral Presentation (Abstract), “Dielectrophoresis Enables Shear-Induced 
Signalling of Cells”, 6th Australian and New Zealand Nano-Microfludics 
Symposium, ANZMF2015¸ Australia, March 2015. 
 Poster Presentation, “Investigating the Combined Chemical- and Shear- Induced 
Calcium Signalling of Non-Adherent Cells using Discontinuous 
Dielectrophoresis”, School of Electrical and Electronic Engineering Research 
Day RMIT University, Australia, June 2015, 2
nd
 best poster. 
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 Poster Presentation (Abstract), “Investigating shear stress induced intracellular 
calcium signalling of mammalian cells in microfluidics”, ComBio2016, Australia, 
September 2015. 
 Poster Presentation (Abstract), “Investigating shear-induced intracellular calcium 
signalling of HEK-293-TRPV4 cells using discontinuous dielectrophoresis”, Cell 
biology 2015 ASCB annual meeting, San Diego United States, December 2015. 
Submitted and poster designed by R. Soffe, presented by S. Baratchi. 
 Oral Presentation (Full Paper), “Discontinuous Dielectrophoresis: A Technique 
for Investigating the Response of Loosely Adherent Cells to High Shear Stress”, 
9th International Joint Conference on Biomedical Engineering Systems and 
Technologies (BIOSTEC 2016), Italy, February 2016. 9th International 
Conference on Biomedical Electronics and Devices (Biodevices2016): Best 
Student Paper. 
Rebecca has contributed to the following publications which resulted from work in 
microfluidics, but are not directly related to the thesis: 
 Nahavandi S, Baratchi S, Soffe R, Tang SY, Nahavandi S, Mitchell A, 
Khoshmanesh K. “Microfluidic platforms for biomarker analysis”, Lab on a 
Chip, 14, 1496-1514. 
 K Khoshmanesh, Zhang W, Tang SY, Nasabi M, Soffe R, Tovar-Lopez FJ, 
Rajadas J, Mitchell A. “A hydrodynamic microchip for formation of continuous 
cell chains”, Applied Physics Letters, 104, 203701. 
 Tang SY, Zhang W, Soffe R, Nahavandi S, Shukla R, K Khoshmanesh. “High 
resolution scanning electron microscopy of cells using dielectrophoresis”, PLOS 
ONE, 2014, 104109. 
 Nahavandi S, Tang SY, Baratchi S, Soffe R, Nahavandi S, Kalantar-zadeh K, 
Khoshmanesh K. “Microfluidic Platforms for the Investigation of Intercellular 
Signalling Mechanisms”, Small, 2014, 10, 4810-4826. 
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 Khoshmanesh K, Almansouri A, Albloushi H, Yi P, Soffe R, Kalantar-zadeh K. 
“A multi-functional bubble-based microfluidic system”, Scientific Reports, 2015, 
5, 9942. 
 Soffe R, Tang SY, Baratchi S, Nahavandi S, Nasabi M, Cooper J. M, Mitchell, 
A, Khoshmanesh K. “Controlled Rotation and Vibration of Patterned Cell 
Clusters Using Dielectrophoresis”, Analytical Chemistry, 2015, 87, 2389-2395 
 Tang SY, Yi P, Soffe R, Nahavandi S, Shukla R, K Khoshmanesh. “Using 
dielectrophoresis to study the dynamic response of single budding yeast cells to 
Lyticase”, Analytical and Bioanalytical Chemistry, 2015, 407, 3437-3448. 
 Tang SY, Zhu J, Sivan V, Gol B, Soffe R, Zhang W, Mitchell A, Khoshmanesh 
K. “Creation of Liquid Metal 3D Microstructures Using Dielectrophoresis”, 
Advanced Functional Materials, 2015, 25, 4445-4452. 
This thesis is presented as a sequence of chapters, with each chapter formatted as 
papers for publication, within the RMIT University guidelines for thesis with 
publication mode. All papers were written by Rebecca Soffe, with all co-authors 
contributing to the editing of the papers. Data analyses pertaining to the intracellular 
calcium signalling was undertaken by Dr. Sara Baratchi and Rebecca Soffe. All 
experiments were designed, coordinated, and completed by Rebecca Soffe at RMIT 
University, with significant contributions from Dr. Sara Baratchi (with the biological 
aspects) and Dr. Khashayar Khoshmanesh (Senior Supervisor). HEK-293 cells were  
sub-cultivated and monitored by Dr. Sara Baratchi. In Chapters 2 and 3, Shi-Yang 
Tang assisted with experiments related to determining the cross over frequencies for 
determining the real part of the Clausius-Mossotti factor for HEK-293 cells. The 
microfluidic platforms were fabricated by Rebecca Soffe, with assistance from  
Dr. Mahyar Nasabi and Dr. Andreas Boes, primarily for the microfluidic platform 
used in Chapter 5, the trapezoid microfluidic channel and ITO microelectrodes, 
respectively. Velocity and shear stress contour simulation analyses were carried out 
by Dr. Khashayar Khoshmanesh. 
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Chapter 2, Discontinuous Dielectrophoresis, focuses on the procedure of 
Discontinuous Dielectrophoresis and characterisation process for potential cells to be 
immobilised using Discontinuous Dielectrophoresis. Chapter 2, corresponds to the 
conference proceeding for BIOSTEC 2016, entitled ‘Discontinuous 
Dielectrophoresis: A technique for Investigating the Response of Loosely Adherent 
Cells to High Shear Stress’ by Soffe R, Baratchi S, Tang SY, McIntyre P, Mitchell 
A, and Khoshmanesh K. This proceeding reports the experimental procedure of 
Discontinuous Dielectrophoresis for Saccharomyces cerevisiae, then the 
characterisation process of HEK-293 cells to enable Discontinuous Dielectrophoresis 
immobilisation to be carried out, to enable high shear stress analysis. The capability 
of Discontinuous Dielectrophoresis is highlighted by displaying the preliminary 
results of intracellular calcium signalling of HEK-293-TRPV4 to high levels of shear 
stress. 
Chapter 3, Calcium Signalling of Cells under High Shear Flows, focuses on 
utilising Discontinuous Dielectrophoresis to investigate the intracellular calcium 
signalling of HEK-293-TRPV4 cells. Chapter 3, corresponds to the journal article, 
entitled ‘Analysing the calcium signalling of cells under high shear flows using 
discontinuous dielectrophoresis’ by Soffe R, Baratchi S, Tang SY, Nasabi M, 
McIntyre P, Mitchell A, and Khoshmanesh K., Scientific Reports. This paper reports 
the advantages of Discontinuous Dielectrophoresis compared to conventional 
Dielectrophoresis, primarily in regards to cell trapping efficiency and viability. 
Additionally, this paper investigates the influence of high levels of shear stress on 
HEK-293 cells in extensive details. 
Chapter 4, Concurrent Shear stress and Chemical Stimulation, focuses on 
investigating the influence of concurrent stimulation on intracellular calcium 
signalling of HEK-293-TRPV4 cells. Chapter 4, corresponds to the journal article, 
entitled ‘Concurrent Shear Stress and Chemical Stimulation on Mechano-sensitive 
Cells by Discontinuous Dielectrophoresis’ by Soffe R, Baratchi S, Tang SY,  
Mitchell A, McIntyre P, Khoshmanesh K., Biomicrofluidics. This paper investigates 
the influence of the suspension buffer on intracellular calcium signalling of  
HEK-293-TRPV4 cells. Simulations were conducted in order to determine the shear 
stress experienced by cells in different configurations, to provide an insight into the 
shear stress experienced by HEK-293-TRPV4 cells when high flow rates are applied 
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to the immobilised cells. Furthermore, experiments using GSK1016790A a chemical 
agonist for TRPV4 in conjunction to high shear stress levels, were used to examine 
the combined effect on intracellular calcium signalling of HEK-293-TRPV4 cells. 
Chapter 5, Spatial Shear Stress Gradients, focuses on investigating the influence 
of spatial shear stress gradients on intracellular calcium signalling. Chapter 5, 
corresponds to the journal article, entitled ‘Lateral Trapezoid Microfluidic Platform 
for Investigating Mechanotransduction of Cells to Spatial Shear Stress Gradients’ by 
Soffe R, Baratchi S, Nasabi M, Tang SY, Boes A, McIntyre P, Mitchell A, and 
Khoshmanesh K., to be submitted to Lab on a Chip. A specifically designed lateral 
trapezoid microchannel is designed to produce a spatial shear stress gradient across 
the width of the channel. Furthermore, simulations were undertaken to determine the 
shear stress experienced by cells in different configurations, to provide an insight 
into the shear stress experienced by HEK-293 cells in the presence of a spatial shear 
stress gradient. The paper reports on the outcomes of experiments that examined the 
influence of a spatial shear stress gradients on intracellular calcium signalling. 
Further investigation was undertaken on the platform to examine dynamic shear 
stress, in the form of temporal shear stress – achieved by varying shear stress over 
time in a pulsatile like manner. 
Chapter 6, Conclusions and Future Outlook, summaries important insights that 
have arisen as a result of the research conducted for this thesis. Recommendations 
are made for potential future work, regarding the use of Discontinuous 
Dielectrophoresis to enable insight into the response of cells to high shear stress 
flows, particularly in the area of intracellular calcium signalling. 
A summary of the thesis structure is presented in Table 1.1. 
  
Introduction 
 
16 
 
Table1.1| Summary of thesis structure. 
Chapter 
Objective(s) 
Addressed 
Paper Journal Status 
2 1,2 
Discontinuous 
Dielectrophoresis: A 
Technique for 
Investigating the 
Response of Loosely 
Adherent Cells to 
High Shear Stress 
Proceedings of the 9th 
International Joint 
Conference on Biomedical 
Engineering Systems and 
Technologies  
(BIOSTEC 2016) 
Published 
3 1,2 
Analysing the 
calcium signalling of 
cells under high shear 
flows using 
discontinuous 
dielectrophoresis 
Scientific Reports Published 
4 1,3 
Concurrent Shear 
Stress and Chemical 
Stimulation on 
Mechano-sensitive 
Cells by 
Discontinuous 
Dielectrophoresis 
Biomicrofluidics Published 
5 4 
Lateral Trapezoid 
Microfluidic Platform 
for Investigating 
Mechanotransduction 
of Cells to Spatial 
Shear Stress 
Gradients 
Lab on a Chip 
Under 
Review 
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The functioning of cells under mechanical stress influences several cellular 
processes, for example proliferation, organogenesis, and transcription. Current 
techniques used to examine mechanical stress on loosely adherent cells, are however, 
primarily focused on single individual cells being stimulated, or require time-
consuming surface coating techniques; and are limited in the level of shear stress that 
can be supplied to immobilised cells. Here we report the process of the technique, 
discontinuous dielectrophoresis; which enables high shear stress analysis of clusters 
of immobilised loosely adherent cells, we have analysed the performance of the 
system using Saccharomyces cerevisiae yeast cells, up to a shear stress of  
42 dyn/cm
2
. Additionally, we provide application experimental results from 
investigating shear induced calcium signalling of HEK-293-TRPV4 cells at flow 
rates of 2.5, and 120 µl/min, corresponding to shear stress levels of 0.875 and  
42 dyn/cm
2
, respectively. In summary, discontinuous dielectrophoresis will enable 
the investigation of the mechanotransduction behaviour of loosely adherent cells 
under physiologically relevant shear stresses. Additionally, discontinuous 
dielectrophoresis provides the capability for parallelism, and dynamic control over 
the microenvironment, as previously explored by different microfluidic platforms 
without the capacity for high shear stress analysis of loosely adherent cells. 
Keywords: Discontinuous Dielectrophoresis, Dielectrophoresis, Microfluidics, 
Shear-Induced Stress, Intracellular Calcium Signalling, HEK-293. 
Discontinuous Dielectrophoresis 
 
30 
 
Our technique differs from existing permanent immobilisation techniques, as it 
enables loosely adherent cells to be investigated under shear stress magnitudes higher 
than previously reported [1, 2]. Various conventional techniques either on-chip or 
off-chip are used to immobilise both adherent and non-adherent cells, to carry out 
various biological assays and microscopy techniques, in the absence of shear stress. 
Furthermore, predominantly conventional methods are focused on surface 
modification techniques, which include for example, ligands, biometric peptides, and 
cell adhesive peptides. Such techniques do not facilitate the robust immobilisation 
required for applying high shear stress, to loosely adherent cells; potentially as some 
systems are not intentionally designed for high shear stress analysis [2-8]. For 
instance, Baratchi et al. utilised surface modification techniques on a microfluidic 
platform to apply shear stress; however, this was limited to the lower end of the 
physiological shear stress range [7]. 
Moreover, microfluidic-based immobilisation techniques such as 
Dielectrophoresis, Magnetophoresis, or Acoustophoresis, require the electric, 
magnetic, or acoustic field, be active throughout the duration of the experimentation 
to keep cells immobilised, and often limited to low shear stress levels to avoid 
dislodgement of cells [8-10]. In contrast, in our technique the electric field is 
activated for just 120 seconds, which in turn minimizes the negative impact on cells 
and simplifies the experimental procedure [11].  
Although permanent immobilisation of proteins by means of Dielectrophoresis 
has been previously demonstrated by T. Yamamoto, et al. [12], our technique differs 
from their work, as it enables the permanent immobilisation of multiple cells rather 
than small clusters of proteins; additionally, and more importantly our technique 
enables the patterned cells to remain attached to the surface even at high shear stress 
levels. 
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Discontinuous Dielectrophoresis is a technique based on Dielectrophoresis; however, 
the application of the electric field is minimised, and high flow rates producing a 
shear stress over a cluster of cells can be achieved [11]. Discontinuous 
Dielectrophoresis overcomes limitations of Dielectrophoresis, as previously 
mentioned, regarding the reduced activation period of the electric field and the ability 
to conduct experiments in biologically relevant suspension media, due to the 
deactivation of the electric field. Furthermore, immobilised cells are able to 
withstand high levels of shear stress; here we report experiments using shear stress 
levels up to 42 dyn/cm
2
.
 
In this section we give a brief overview of the theory of Dielectrophoresis, the 
design of the microfluidic platform used to develop Discontinuous Dielectrophoresis, 
the procedure of Discontinuous Dielectrophoresis, and analysis of the Discontinuous 
Dielectrophoresis, in terms of trapping efficiency of immobilised cells. Taking note, 
that Saccharomyces cerevisiae yeast cells are used as our model cell, which is 
commonly used to show proof of concept technologies and known to be non-
adherent.  
Dielectrophoresis is a phenomenon, in which a non-uniform electric field is used to 
induce motion into polarisable particles; consequently, label-free manipulation can 
be achieved. Currently Dielectrophoresis systems have been demonstrated for the 
manipulation, sorting, immobilisation, and characterisation of a variety of  
bio-particles.  
The response of a particle in an electric field is governed by the dielectric 
properties, such as structural, morphological, and chemical characteristics. 
Furthermore, the time average dielectrophoretic force (<FDEP>) experienced on a 
spherical particle developed by Morgan and Green, is governed by the following 
equation [13, Chapter 4]: 
 〈𝑭𝐷𝐸𝑃〉 = 2𝜋𝑟
3
𝑐𝑒𝑙𝑙𝜀𝑜𝜀𝑚𝑒𝑑𝑅𝑒{𝑓𝐶𝑀}∇|𝑬𝑟𝑚𝑠|
2.            (2.1) 
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Where rcell is the radius of the cell, ɛo and ɛmed, are the permittivity of free space 
(8.854x10
-12
 F/m) and the suspension medium, respectively; in addition Re{fCM}, is 
the real component of the Clausius-Mossotti factor, and Erms, is the electric field 
root-mean-squared. A more extensive analysis is presented in the succeeding 
subsection, for the electric field, and dielectrophoretic force induced by the 
interdigital microelectrodes. 
The Clausius-Mossotti factor (fCM) for a homogenous spherical structure is given 
by [13, Chapter 3]: 
 𝑓𝐶𝑀 =
𝜀∗𝑐𝑒𝑙𝑙−𝜀
∗
𝑚𝑒𝑑
𝜀∗𝑐𝑒𝑙𝑙+2𝜀∗𝑚𝑒𝑑
,                          (2.2) 
where, complex permittivity, ɛ*, is given by: 
 𝜀∗ =  𝜀 − 
𝑖𝜎
𝜔
, 𝑖 =  √−1,                                                       (2.3) 
where, ɛ*cell and ɛ
*
med, are the complex permittivities of the cell and suspension 
medium, respectively; in addition, σ, is the electrical conductivity, and ω, is the 
angular frequency of the applied signal. The real part of the complex variable 
Clausius-Mossotti factor, provides an indication of the behaviour of a particle within 
the electric field at various medium.  
Furthermore, this behaviour is presented in Figure 2.1a for three different 
medium conductivities (200, 500, 1000 µS/cm) over a frequency range of 10
4
 to  
10
8
 Hz, calculated with the geometric and dielectric properties for the 
Saccharomyces cerevisiae yeast cell as given in Table 2.1. The cells were suspended 
in an isotonic low electrical conductivity (LEC, 8.5% w/v sucrose, 0.3% dextrose, 
results in a conductivity of approximately 100 µS/cm) buffer, with the conductivity 
adjusted with the addition of phosphate-buffered saline (PBS). Such that when the 
real component of the Clausius-Mossotti factor is positive, the cells are attracted to 
the microelectrodes, a phenomenon that is commonly known as positive 
Dielectrophoresis (Figure 2.1b). On the other hand, when the real component of 
Clausius-Mossotti factor is negative, the cells are repelled from the microelectrodes; 
a phenomenon more commonly known as negative Dielectrophoresis (Figure 2.1b). 
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Table 2.1| Geometric and dielectric properties of viable yeast cells [14]. 
Parameter Value 
Cell diameter 8 µm 
Membrane thickness 8 nm 
Wall thickness 220 nm 
Cytoplasm conductivity 0.2 S/m 
Cytoplasm permittivity 50ɛo F/m 
Membrane conductivity 25x10
-8
 S/m 
Membrane permittivity 6ɛo F/m 
Wall conductivity 14 x10
-3
 S/m 
Wall permittivity 60ɛo F/m 
 
Figure 2.1| Frequency response for yeast cells. (a) The real part of Clausius-Mossotti factor response 
to frequency for yeast cells at medium conductivities of (i) 200, (ii) 500, and (iii) 1000 µS/cm, for 
cells suspended in LEC, with conductivities adjusted with PBS. Schematic representation of:  
(b) positive, and (c) negative Dielectrophoresis. 
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The Clausius-Mossotti factor response (Figure 2.1) is heavily influenced by the 
complex permittivity of the cell (ɛ*cell). In our case we are using a yeast cell, which 
has a cell wall, thus, a two shell model encompassing the geometric and dielectric 
properties of the yeast cells given in Table 2.1, which is given by [15]: 
 𝜀∗𝑐𝑦𝑡𝑜−𝑚𝑒𝑚 = 𝜀
∗
𝑚𝑒𝑚
[
𝑟𝑚𝑒𝑚
𝑟𝑐𝑦𝑡𝑜
]
3
+2[
𝜀∗𝑐𝑦𝑡𝑜−𝜀
∗
𝑚𝑒𝑚
𝜀∗𝑐𝑦𝑡𝑜+2𝜀
∗
𝑚𝑒𝑚
]
[
𝑟𝑚𝑒𝑚
𝑟𝑐𝑦𝑡𝑜
]
3
−[
𝜀∗𝑐𝑦𝑡𝑜−𝜀
∗𝑚𝑒𝑚
𝜀∗𝑐𝑦𝑡𝑜+2𝜀
∗𝑚𝑒𝑚
]
,              (2.4) 
Where, ɛ*cell is given by: 
 𝜀∗𝑐𝑒𝑙𝑙 = 𝜀
∗
𝑤𝑎𝑙𝑙
[
𝑟𝑐𝑒𝑙𝑙
𝑟𝑚𝑒𝑚
]
3
+2[
𝜀∗𝑐𝑦𝑡𝑜−𝑚𝑒𝑚−𝜀
∗
𝑤𝑎𝑙𝑙
𝜀∗𝑐𝑦𝑡𝑜−𝑚𝑒𝑚+2𝜀
∗
𝑤𝑎𝑙𝑙
]
[
𝑟𝑐𝑒𝑙𝑙
𝑟𝑚𝑒𝑚
]
3
−[
𝜀∗𝑐𝑦𝑡𝑜−𝑚𝑒𝑚−𝜀
∗
𝑤𝑎𝑙𝑙
𝜀∗𝑐𝑦𝑡𝑜−𝑚𝑒𝑚+2𝜀
∗
𝑤𝑎𝑙𝑙
]
.                  (2.5) 
Where, ɛ*cyto, ɛ
*
mem, ɛ
*
wall, and ɛ
*
cyto-mem are the complex permittivities of the cell 
cytoplasm, membrane, wall, and the equivalent combined homogenous cell 
cytoplasm and membrane, respectively. 
The microfluidic platform consists of two main components, the microelectrodes and 
the microchannel; both are designed to facilitate the maximum immobilised cell 
population visible when using microscopy techniques (Figure 2.2). In the following 
subsections the design and fabrication procedure will be outlined; including, the 
analysis of the resulting electric field and shear stress contours produced through the 
microfluidic channel, when applying a flow rate between 0 and 120 µl/min, 
corresponding to a shear stress range from 0 to 42 dyn/cm
2
. The desirable flow rate 
through the microchannel was obtained by applying constant suction at the outlet 
reservoir, with tubing connected to a syringe that is located in a syringe pump  
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Figure 2.2| Overview of the device design: (i) Photograph of the microfluidic platform; schematic 
with corresponding relevant dimensions of features of: (ii) Plan view of the setup overview;  
(iii) Microchannel; and (iv) Microelectrodes. 
To maximise the uniformity of the patterning of immobilised cells an interdigital 
microelectrode design was invoked, as presented in Figure 2.2. Consequently, this 
maximised the cell population immobilised within microscopic imagining range, 
under a 10× objective (with a 1.5 × multiplier) on a Nikon Eclipse (TE 2000). The 
microelectrodes were designed to have a gap and width of 40 µm, which is the 
smallest possible feature resolution available to us to fabrication limitations. 
Furthermore, the active region was designed to be 300 µm, such that spanning the 
entire imaging range. 
The microelectrodes were fabricated in two stages. Initially the thin films where 
fabricated using evaporation on a glass microscope slide, using a gold on chrome 
process, at thickness of 1500 and 500 Å, respectively. The microelectrodes where 
then patterned using standard microfabrication techniques, including 
photolithography and wet etching [16]. 
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To determine the influence of the electric field on the time averaged 
dielectrophoretic force experienced on a spherical cell, the electric field contours are 
determined (Figure 2.3). Laplace equations are solved within the microfluidic 
channel (design presented in succeeding subsection), through applying electric 
potentials accordingly, to determine the electric field contours.  
 
Figure 2.3| Contours of the gradient of the square of the electric field (E, V
2
/m
3
) and corresponding 
dielectrophoretic force (<FDEP>, N).  
Using the general rule of thumb that there is zero electric flux along the surfaces of 
the microchannel, other than the glass substrate (microscope slide) where the 
microelectrodes are fabricated; thus, flux is zero along the sidewalls and top of the 
microchannel. Thus, resulting in a flux relationship given as: 
 ∇2𝜙𝑟𝑚𝑠 = 0.                (2.6) 
Additionally, the electric field strength (E) is determined by taking the gradient of 
the electric potential (ϕ), resulting in the following relationship: 
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 𝐸 = −𝛻𝜙𝑟𝑚𝑠.                (2.7) 
Furthermore, as seen in Equation 2.1 the time average dielectrophoretic force is 
proportional to the electric field strength as given by (Figure 2.3): 
 〈𝑭𝐷𝐸𝑃〉 ∝  ∇𝑬
2,                (2.8) 
Simulations indicated the maximum force experienced on the cells was 1.40x10
-10
 N 
(Figure 2.3). 
Microchannel was designed to encompass the width of the active electric field, being 
300 µm (Figure 2.2). Consequently, the width of the microchannel was designed to 
have a width of 500 µm, to ensure that the strongest section of the electric field (tip 
region of the microelectrodes) was not within the imaging region. Furthermore, the 
channel was designed to have an arbitrary height of 80 µm, which allowed cells to 
immobilise along the microelectrodes, and cells and suspension to wash over the 
immobilised cells without dislodging them. 
The Polydimethylsiloxane (PDMS) microchannel (500 x 80 µm) was fabricated 
using standard soft lithography and replica molding techniques [17]. The PDMS was 
cured using a standard ratio of Sylgard 184, with the base to curing agent ratio 10:1 
(Dow Corning Corporation, MI).  
To determine the shear stress applied to the immobilised cells, computational fluidic 
dynamic simulations were carried out (Figure 2.4).  
 
Figure 2.4| Contours of the shear stress across the substrate.  
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Given that the flow is laminar and the liquid is assumed to be Newtonian the 
following equations apply. The continuity equation is given by: 
 ∇ ∙ 𝑼 = 0.                 (2.9) 
Furthermore the momentum of the liquid is given by: 
 𝜌𝑙𝑖𝑞𝑢𝑖𝑑(𝑼 ∙ ∇)𝑼 = −∇𝑃 +  𝜇𝑙𝑖𝑞𝑢𝑖𝑑∇
2𝑼.              (2.10) 
Where, U, P, ρliquid, and µliquid, are velocity, pressure, density, and dynamic viscosity 
of the liquid, respectively. Note that the assumed boundary conditions of ambient 
pressure at the inlet, desired flow rate through entire microchannel, and no-slip at the 
sidewalls is used to evaluate these equations. To determine the shear stress over the 
glass substrate (microscope slide), one assumes that the immobilised cells do not 
influence the hydrodynamic properties of the cells; thus, the resulting shear stress (𝞽) 
is given by: 
 𝛕|𝑔𝑙𝑎𝑠𝑠_𝑠𝑢𝑏 = 𝜇𝑙𝑖𝑞𝑢𝑖𝑑
𝜕𝑈
𝜕𝑧
|
𝑧=0
.             (2.11) 
Furthermore, the resulting shear stress profiles can be determined along the glass 
substrate; such as presented in Figure 2.4 for a flow rate of 120 µl/min, 
corresponding to a shear stress of 42 dyn/cm
2
. The relationship of flow rate (Q) and 
shear stress for our microfluidic platform is given by: 
 𝛕 =
67.5 𝜇𝑙𝑖𝑞𝑢𝑖𝑑𝑄
𝑊𝐻2
,              (2.12) 
where, W and H, are the width and height of the microchannel. Additionally, the 
relationship drag force exerted on a cell is given by is given by:  
 Drag = 4𝜋𝑟𝑐𝑒𝑙𝑙𝝉.                                 (2.13) 
The maximum reported flow rate of 120 µl/min, corresponds to a drag force of  
8.40x10
-10
 N. 
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The procedure required for Discontinuous Dielectrophoresis, is systematic; however, 
in some cases slightly different tactics need to be used, such as when using stains that 
are sensitive to shear stress. The fundamental Discontinuous Dielectrophoresis 
procedure is presented in Figure 2.5 and each stage will be discussed in detail in the 
subsections. 
 
Figure 2.5| Schematic representation of procedure used for the Discontinuous Dielectrophoresis 
strategy: (a) Activation of the electric field for 120 s, excited by a 10 MHz 5 Vpk-pk sinusoid, to 
immobilise the cells along the microelectrodes through positive dielectrophoresis; with the cell 
suspension flown over the microelectrodes at a flow rate of 2.5 µl/min; (b) Deactivation of the electric 
field after 120 s of activation, with the flow rate remaining consistent; (c) Once cells have stabilised 
on the surface and reached equilibrium the flow rate can be increased to the desired flow rate, such as 
60 µl/min.  
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Samples need to be suspended in an isotonic low electrical conductivity (LEC) 
buffer, composed of 8.5% w/v sucrose, and 0.3% dextrose in deionised water; 
ensuring that the final suspension conductivity is 200 µS/cm. In necessary, the 
solution conductivity can be increased through the addition of phosphate-buffered 
saline, or any other relevant biological buffer. The cell suspension is then transpired 
to the inlet reservoir of the microfluidic platform at a flow rate of 2.5 µl/min  
(Figure 2.2). A low flow rate is used to ensure that cells can be immobilised once the 
electric field is activated. Additionally, this is advantageous when doing high shear 
stress analysis, as this minimises the pre-exposure to shear stress. In the case for 
yeast cells for a 100 ml volume, we added 20 mg of dried Saccharomyces cerevisiae 
yeast cells (Sigma-Aldrich).  
Once cells are consistently flowing over the microelectrodes, the microelectrodes are 
activated, through the application of a 10 MHz sinusoid operating at 5 Vpk-pk. The 
microelectrodes are kept active for a period of 120 s (Figure 2.5a). This was to 
minimise the duration of the electric field, thus minimising any harmful effects on 
the cells due to being within an electric field. Furthermore, the cell population can be 
controlled by an increase in the activation duration of the electric field; however, we 
recommend increasing the initial cell population. 
The dielectrophoretic and shear forces on the cell influence the capacity of the cell 
to remain immobilised to the substrate. Such that the cells are immobilised using a 
flow rate of 2.5 µl/min, which corresponds to a shear stress of 0.875 dyn/cm
2
, 
resulting in a drag force of 1.77x10
-11
 N being exerted on the cells. However, the 
force dielectrophoretic force exerted on the cells is determined to be  
1.40x10
-10
 N (Figure 2.3). Consequently, as the dielectrophoretic force is greater 
than the drag force generated, the cells are immobilised on the substrate; rather than 
being washing directly over the electrode in the event of a higher flow rate, which 
produces a greater shear stress and subsequent force.
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Once the field has been active for 120 s, the electric field is turned off. Deactivation 
of the electric field, resulted in the additional layers of cells and cells not correctly 
immobilised in the first layer being dislodged and washed away. Consequently, a 
single layer of immobilised cells remained, in the imagining range (Figure 2.5b). In 
general, it was observed that non-viable cells would not initially immobilise or was 
dislodged with increasing flow rate. Once the electric field is deactivated, the cell 
suspension can be exchanged to a suitable biological imaging media, in our case we 
exchanged for HBS (HEPES buffered saline). The cells were then left for five 
minutes to stabilise in their immobilised location and reach equilibrium, especially in 
the occurrence that the media was exchanged to a biologically relevant media. Once 
these criteria were met, the flow rate was increased to the desired flow rate and 
resulting shear stress, as presented in Figure 2.5c for 60 µl/min. 
Furthermore once the electric field is inactivated, the dielectrophoretic force no 
longer influences the forces experienced on the cell. In the event the flow rate is 
increased to 120 µl/min, corresponding to a drag force of 8.40x10
-10
 N. This force is 
considerably larger than the maximum dielectrophoretic force, demonstrating the 
adhesive attraction between the cell surface and the glass substrate produced during 
the Discontinuous Dielectrophoresis procedure. 
To analyse the effectiveness of Discontinuous Dielectrophoresis, we investigated the 
trapping efficiency. Initially the cells are immobilised using the aforementioned 
procedure, then the flow rate of the system is increased sequentially in three minute 
intervals, at various flow rates between 2.5 and 100 µl/min. Trapping efficiency was 
evaluated as: 
 ɳ𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 =
𝑛𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔_𝑐𝑒𝑙𝑙𝑠
𝑛𝑖𝑛𝑡𝑖𝑎𝑙
. 100%,            (2.14) 
where, nremaining_cells, and nintial are the number of remaining and initial cell counts of 
immobilised viable cells. 
Analysis of the trapping efficiency of yeast cells was carried out using three 
different exciting waveform voltages, when supplying the electric field for the 120 s 
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duration. The three selected voltages selected where 2.5, 5, and 10 Vpk-pk, as 
presented in Figure 2.6a for cells suspended in LEC. Additional analysis was carried 
out using the optimal voltage of 5 Vpk-pk, in which the suspension media was 
exchanged for HBS after deactivation of the electric field. For the scenario that the 
cells were kept in LEC, the change in voltage provided no significant change in the 
trapping efficiency which was determined to be 27% when using a 5 Vpk-pk sinusoid. 
However, when the suspension media was exchanged for HBS when immobilisation 
was achieved using a signal operating at 5 Vpk-pk the trapping efficiency increased to 
82%. This was conjectured to be attributed to the additional ions present in HBS 
compared to LEC.  
 
Figure 2.6| Yeast trapping efficiency analysis (a) Influence of the exciting waveform voltage used 
during electric field activation, at (i) 2.5, (ii) 5, and, (iii)10 Vpk-pk. (b) Influence of the medium used 
after deactivation of the electric field both conducted at an exciting waveform voltage of  
5 Vpk-pk, in (i) LEC, and (ii) HBS. 
To highlight the functionality of our system, we investigated the response of 
intracellular calcium signalling of HEK-293-TRPV4 cells to shear induced stress. 
Shear stress is one of many stimuli that cells respond to, others include, thermal and 
capsicum, for example. These stimuli regulate various biological processes, such as 
proliferation, apoptosis, transcription, and proliferation [18-21].  
HEK-293 cells are transfected to express the TRPV4 (transient receptor potential 
vaniloid) mechanosensitive ion channel, as HEK-293 cells are limited in the ion 
channels it expresses. TRPV4 ion channels are of interest as they play a role in 
controlling vascular homeostasis and tone [1, 7, 22]. Furthermore, studies into the 
influence of shear stress has been restricted as using current methods for used for 
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HEK-293 cells limits the maximum level of shear induced stress without extensive 
cell dislodgement.
HEK-293 T-REx (Life Sciences) cell lines where prepared off-chip, will full 
experimentation including viability assays carried out on the microfluidic platform. 
Firstly, the cells were grown in tetracycline-free DMEM (Dulbecco’s Modified 
Eagle Medium) supplemented 10% FBS (Fetal Bovine Serum), Blasticidin (5 µg/ml) 
and Hygromycin (50 µg/ml). Secondly, 12 hours before experimentation, the TRP 
channel expression was induced in the HEK-293 cells using 0.1 µg/ml of tetracycline 
[23]. Taking note, that HEK-293 expresses a limited number of TRP channels; thus, 
making HEK-293 a good candidate to analysis Calcium influx through the TRPV4 
channel. Additionally, non-transfected HEK-293 T-REx cells were used as a 
negative control; results not presented here, trapping efficiency was not affected by 
being non-transfected, additionally no response was observed in the occurrence of 
shear induced stress.  
In the case for investigating shear induced intracellular calcium signalling, the 
cells required further preparation at the time of experimentation; such that the cells 
were loaded with Fluo-4AM, and suspended in HBS (140 mM NaCl, 5 mM KCl,  
10 mM HEPES, 11 mM D-glucose, 1 mM MgCl2, 2 mM CaCl2, and 2 mM 
Probenecid, adjusted to pH 7.4). After being incubated at 37 
o
C
 
for 30 minutes, 25 µl 
of the HEK-293-TRPV4 cell suspension is transferred into 1000 µl of LEC, making 
sure not to gently mix the solution, to minimise pre-exposure to shear induced stress. 
Additionally, the viability of the cells was examined on-chip with Propidium Iodide 
(PI) (10 µg/ml) staining, at the completion of each experiment. 
Initially cells needed to be characterised on the designed Dielectrophoresis platform, 
such that the Clausius-Mossotti factor response to frequency was investigated. The 
effect of the technique of Discontinuous Dielectrophoresis was compared to 
conventional Dielectrophoresis, to highlight the significant improvement in cell 
viability. Furthermore, the trapping efficiency was investigated, to ensure that 
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Discontinuous Dielectrophoresis was going to be suitable for investigating high shear 
induced stress. Finally, once the response of HEK-293 cells to Discontinuous 
Dielectrophoresis was characterised, shear induced intracellular calcium signalling 
was investigated, at shear stress levels of 0.875 and 42 dyn/cm
2
. 
The crossover frequency for HEK-293 cells was examined on chip for three different 
suspension medium conductivities. Consequently, the measured crossover 
frequencies were determined to be 55 ± 7, 145 ± 17, and 285 ± 45 MHz, 
corresponding to conductivities of 200, 500, and 1000 µS/cm, respectively. 
Conductivities were achieved by adjusting the initial LEC buffer with the addition of 
PBS. Once the crossover frequencies were obtained, the Clausius-Mossotti factor can 
be determined for the three conductivities over the frequency range of 10
4
 to 10
8
 Hz, 
as presented in Figure 2.7, taking note the geometric and dielectric properties of  
HEK-293 cells presented in Table 2.2. Furthermore, the equivalent single shell 
model is used, as expressed in Equation 2.4, unlike yeast, as HEK-293 cells do not 
have a cell wall. Such that Dielectrophoresis experiments involving HEK-293 cells, 
were conducted using a conductivity of 200 µS/cm, using an operating frequency of  
10 MHz, which is well within the positive Dielectrophoresis range (Figure 2.7a(i)). 
Additionally, the combined use of this medium conductivity and operating frequency 
minimised the manifestation of electrothermal effects, such as vortices.. 
Table 2.2| Geometric and dielectric properties of viable HEK-293 cells used to determine 
Dielectrophoresis behaviour [11]. 
Parameter Value 
Cell diameter 12.5 µm 
Membrane thickness 7 nm 
Cytoplasm conductivity 0.5 S/m 
Cytoplasm permittivity 60ɛo F/m 
Membrane conductivity 7x10
-14
 S/m 
Membrane permittivity 9.5ɛo F/m 
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Figure 2.7| Frequency response for HEK-293 cells. (a) The real part of Clausius-Mossotti factor 
response to frequency for HEK-293 cells at medium conductivities of (i) 200, (ii) 500, and (iii) 1000 
µS/cm. Conductivities were achieved by adjusting the initial LEC buffer with the addition of PBS 
Experimental images of (b) positive; and (c) negative Dielectrophoresis - images taken when 
determining the crossover frequency for HEK-293 cells.  
Viability assays for HEK-293 were conducted under three different environmental 
scenarios, for a period of 60 minutes, with the microelectrodes excited with a  
10 MHz sinusoid operating at 5 Vpk-pk (Figure 2.8). Viability assays were limited to  
60 minutes, as the longest duration for a shear stress experiment was 30 minutes, so 
60 minutes should suffice. Cell viability was determined by evaluating, the following 
equation: 
 ɳ𝑐𝑒𝑙𝑙_𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑛𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔_𝑣𝑖𝑎𝑏𝑙𝑒
𝑛𝑖𝑛𝑡𝑖𝑎𝑙_𝑣𝑖𝑎𝑏𝑙𝑒
. 100%,           (2.15) 
where, nremaining_viable, and nintial_viable are the number of remaining and initial cell 
counts of viable cells. Non-viable cells were determined through PI staining, and 
excluded from the viable cell count. 
Discontinuous Dielectrophoresis 
 
46 
 
Scenario one (Figure 2.8(i)), conventional Dielectrophoresis, such that the cells 
are suspended in LEC and the electric field is activated for the entire 60 minutes and 
two additional minutes to be comparable to the other two scenarios. In scenario two 
(Figure 2.8(ii)), the electric field was activated for a period of 120 s, and the cells are 
suspended in LEC. In scenario three (Figure 2.8(iii)), the electric field was activated 
for a period of 120 s, and the cells are suspended in HBS once the field is 
deactivated.  
The viability assays indicated that the continued presence of the electric field 
(Scenario one) significantly affects the viability of cells, such that 88% of cells are 
viable. However, the viability percentage is significantly increased when 
discontinuous Dielectrophoresis is invoked; such that approximately 98% of the cells 
are viable regardless of cell suspension. Although cells suspended in HBS have a 
slightly higher viability rate (Scenario Three). 
 
Figure 2.8| HEK-293-TRPV4 cell viability analysis using PI; conducted using three different 
scenarios: (i) Conventional Dielectrophoresis with cells suspended in LEC (constant electric field 
activation); (ii) Discontinuous Dielectrophoresis with cells suspended in LEC; and (iii) Discontinuous 
Dielectrophoresis with cells suspended in HBS.  
A more extensive trapping efficiency analysis was carried out for HEK-293, due to 
the cell being more susceptible to environmental influences, such as: the supplied 
waveform parameters during electric field application; and the suspension media, 
which assists in regulating cellular behaviour. The influence of the exciting 
waveform was examined, using three different voltages, being 2.5, 5, and  
10 Vpk-pk for three different scenarios (Figure 2.9a-c), with the trapping efficiency 
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determined using Equation 2.14. In scenario one (Figure 2.9a), conventional 
Dielectrophoresis, a supply voltage of 5 Vpk-pk produced the most effective trapping 
efficiency of 94%. However, in scenario two (Figure 2.9b), Discontinuous 
Dielectrophoresis was invoked, with the cells suspended in LEC, all initially 
immobilised cells were dislodged at a flow rate of 100 µl/min  
(35 dyn/cm
2
). Furthermore, in scenario three (Figure 2.9c), Discontinuous 
Dielectrophoresis was invoked, with the cells suspended in HBS. In this scenario, the 
percentage of immobilised cells significantly increased, regardless of the supplied 
voltage, to a trapping efficiency between 84% and 90%. In comparison to scenario 
two, this indicated that the presence of a biologically relevant media, is crucial in 
ensuring cells remain immobilised. 
 
Figure 2.9| Trapping efficiency of HEK-293-TRPV4 cells under different environmental scenarios. 
For (a) Conventional Dielectrophoresis with cells suspended in LEC (constant electric field 
activation); (b) Discontinuous Dielectrophoresis with cells suspended in LEC; and (c) Discontinuous 
Dielectrophoresis with cells suspended in HBS. Furthermore, for each scenario the exciting waveform 
voltage used during electric field activation was examined at (i) 2.5, (ii) 5, and  
(iii) 10 Vpk-pk. (d) Conducted under different environmental scenarios in optimal conditions (supplying 
sinusoid waveform operating at 10 MHz 5 Vpk-pk): (i) Control, with no Dielectrophoresis with cells 
suspended in HBS; (ii) Conventional Dielectrophoresis with cells suspended in LEC;  
(iii) Discontinuous Dielectrophoresis with cells suspended in LEC; (iv) Discontinuous 
Dielectrophoresis with cells suspended in HBS; and (v) Discontinuous Dielectrophoresis with cells 
suspended in HBS using a PDMS substrate instead of a glass substrate. 
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Optimal conditions presented in Figure 2.9d, the three aforementioned scenarios, are 
displayed for a supply voltage of 5 Vpk-pk (Figure 9d(i-iv)). Additionally, a control 
comparison was conducted (Figure 2.9d(i)), achieved by allowing cells suspended in 
HBS to rest on the non-treated glass substrate for 30 minutes; thus, simulating cells 
being immobilised by Dielectrophoresis. At a flow rate of 100 µl/min, equivalent to 
35 dyn/cm
2
, the control experiments led to a trapping efficiency of 24%, which was a 
significant improvement of cells suspended in LEC using Discontinuous 
Dielectrophoresis (scenario two), in which case all the cells were dislodged. 
However, cells either trapped using conventional Dielectrophoresis or Discontinuous 
Dielectrophoresis with cells suspended in HBS, resulted in the optimal trapping 
efficiencies.  
An additional comparison was made to examine the importance of the substrate, 
such that Discontinuous Dielectrophoresis was invoked, using a platform with 
microelectrodes fabricated on PDMS on glass substrate (Figure 2.9d(v)) [16]. These 
results indicated that, Discontinuous Dielectrophoresis when using a biological 
relevant media is produces the highest trapping efficiency, when applying high shear 
stresses, such as 35 dyn/cm
2
 (100 µl/min).  
Although, the application of conventional Dielectrophoresis using a supply 
voltage of 5 Vpk-pk, resulted in the highest trapping efficiency (93%), the continued 
electric field application affected cell viability as presented in Figure 2.8. Thus, 
conventional Dielectrophoresis was determined not suitable for shear stress analysis 
of HEK-293 cells. On the other hand, Discontinuous Dielectrophoresis, with a 
slightly lower trapping efficiency of 90%, minimised effects on cell viability  
(Figure 2.8), and enabled experimentation to be carried out in a biologically relevant 
media – for instance HBS. 
Intracellular calcium signalling is important as it facilitates in the regulation of 
several biological processes. The Calcium ion (Ca
2+
) is of importance, as it regulates 
a variety of spatial and temporal signals. The movement of Calcium ions is 
facilitated through the stimulation of permeable ion channels, such as the TRPV4 ion 
channel. The influx of Calcium ions through Calcium permeable ion channel into the 
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plasma membrane, occurs due an induced stimulation of their selective stimulus, 
such as shear stress a form of mechanical stimulation [1, 7]. The level of intracellular 
calcium level ([Ca
2+
]i), due to calcium influx is measured through the use of Calcium 
sensitive dyes. 
A comparison was undertaken of the influence of shear stress on the behaviour of 
intracellular calcium influx, using HEK-293 cells expressing TRPV4. Cells were 
prepared off-chip with Fluo-4AM, a calcium sensitive dye, as outlined previously. 
Intensity measurements were then acquired using an inverted microscope, equipped 
with a photomultiplier tube, a near infrared camera (QuantEM:512SC, 
Photometrics), and a 10× objective (CFI Plan Apo Lambda 10×). With the assistance 
of NIS Elements, microscope imaging software (Basic Research, Nikon 
Instruments), the intensity measurements were able to be processed.  
Intracellular calcium signalling analysis was then carried out using Discontinuous 
Dielectrophoresis with cells suspended in HBS, with the microelectrodes excited 
with a 10 MHz sinusoid operating at 5 Vpk-pk. The influence of shear stress on 
intracellular calcium signalling through the TRPV4 ion channel, was conducted by 
subjecting immobilised cells to shear stress for a period of 720 s, and measuring the 
intensity of the calcium dye (Fluo-4AM) (Figure 2.10). A shear stress of 42 dyn/cm
2
 
(120 µl/mi), was selected, as this shear stress is in the upper region of the 
physiological shear stress range (Figure 2.10(ii)); consequently, highlighting the 
capability of Discontinuous Dielectrophoresis of cells remaining immobilised under 
high levels of shear stress. The resulting intensity profiles where compared against a 
negligible shear stress of 0.875 dyn/cm
2
 (2.5 µl/min), to maintain the cells with a 
fresh supply of HBS (Figure 2.10(i)).  
A shear stress level of 42 dyn/cm
2
 resulted in a percentage of activated cells of 
73.1 ± 12.5%, and maximum fold increase in [Ca
2+
]i of 2.27 ± 0.07. In comparison to 
negligible shear stress (0.875 dyn/cm
2
), which resulted in a percentage of activated 
cells of 3.25 ± 1.2%, and a maximum fold increase in [Ca
2+
]i of 1.17 ± 0.09. 
Furthermore, a decrease in the cellular and peak response times was observed with 
the higher shear stress level. Such that the cellular response time decreased from  
130 ± 40 s to 77 ± 6 s, and the peak response time decreased from 426 ± 36 s to  
392 ± 18 s, for shear stress levels of 0.875, and 42 dyn/cm
2
, respectively. 
Consequently, indicating that the calcium influx intensifies with higher shear stress 
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levels, and the importance of being able to investigate high shear stress on a cellular 
physiological level. 
 
Figure 2.10| HEK-293-TRPV4 cell response to shear stress. Achieved using flow rates of (i) 2.5, and 
(ii) 120 µl/min. With the retrospective images of the immobilised cells in: (a) Bright field;  
(b) Fluorescent images of cells loaded with Fluo-4AM obtained at 60, 300, and 720 s; and (c) PI 
fluorescent images taken at 1020 s; 300 s after the addition of PI to the microfluidic platform.  
(d) Corresponding normalised intensity profile over period of 720 s. 
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Discontinuous Dielectrophoresis provides a strategy for analysing the response of 
loosely adherent cells to high levels of shear stress. We have demonstrated procedure 
of Discontinuous Dielectrophoresis using Saccharomyces cerevisiae yeast cells, and 
the capacity of the immobilised cells to withstand high levels of shear stress. We then 
in turn, investigated the capability of the system using HEK-293 cells, a commonly 
used cell line for biological assays. The experimental considerations were 
investigated for using HEK-293 cells for Discontinuous Dielectrophoresis, such as: 
Clausius-Mossotti factor response to frequency; viability and trapping efficiency 
comparison of conventional and Discontinuous Dielectrophoresis for cells suspended 
in LEC or HBS. For cells immobilised using Discontinuous Dielectrophoresis, using 
HBS as the suspension media after electric field deactivation, resulted in a trapping 
efficiency of 90% when experiencing a shear stress level of 42 dyn/cm
2
. 
Furthermore, a high trapping efficiency was also observed for Saccharomyces 
cerevisiae yeast cells, indicating that Discontinuous Dielectrophoresis has the 
potential to be used on cells with different diameters – HEK-293-TRPV4 and 
Saccharomyces cerevisiae yeast cells have diameters of 12.5 and 8 µm, respectively. 
Additionally, Discontinuous Dielectrophoresis minimises cell mortality rates, such 
that after a period of 60 minutes, approximately 98% of cells were deemed viable, 
through propidium iodide staining.  
The capacity of the system for biological analysis under high shear stress was then 
demonstrated, for investigating the influence of shear stress on intracellular calcium 
signalling of HEK-293-TRPV4 cells; which indicated the shear stress intensifies the 
calcium influx. This technique has the ability for investigating various cell responses 
to high levels of shear stress, as presented here and demonstrated for  
HEK-293-TRPV4 cells. Furthermore, the platform offers the potential of parallelism, 
and dynamic analysis through changing the microenvironment within the 
microchannel, such as thermal stimuli, in the presence of high shear stress. 
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Immobilisation of cells is an important feature of many cellular assays, as it enables 
the physical/chemical stimulation of cells; whilst, monitoring cellular processes 
using microscopic techniques. Current approaches for immobilising cells, however, 
are hampered by time-consuming processes, the need for specific antibodies or 
coatings, adverse effects on cell integrity. Here, we present a dielectrophoresis-based 
approach for the robust immobilisation of cells, and analysis of their responses under 
high shear flows. This approach is quick and label-free, and more importantly, 
minimises the adverse effects of electric field on the cell integrity, by activating the 
field for a short duration of 120 s, just long enough to immobilise the cells, after 
which cell culture media (for example HEPES), is flushed through the platform. In 
optimal conditions, at least 90% of the cells remained stably immobilised, when 
exposed to a shear stress of 63 dyn/cm
2
. This approach was used to examine the 
shear-induced calcium signalling of HEK-293 cells expressing a mechanosensitive 
ion channel, transient receptor potential vaniloid type 4 (TRPV4), when exposed to 
the full physiological range of shear stress.  
Keywords: Microfluidics, Dielectrophoresis, Discontinuous Dielectrophoresis, 
HEK-293, Immobilisation, Calcium signalling. 
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The ability to stably immobilise cells is an important feature in cellular assays, as it 
enables the physical/chemical stimulation of cells, and monitoring of cellular 
processes using a variety of microscopic techniques [1]. Classically the 
immobilisation of non-adherent cells is achieved by surface modification [2], which 
can be accomplished in different ways: such as coating the substrate surface with 
biomimetic peptides like Poly-L-lysine or Poly-L-ornithine [3, 4]; cell adhesive 
proteins like laminin or fibronectin [5]; or patterning a suitable ligand onto the 
substrate which allows cells to attach, spread and migrate along the surface [6, 7]. 
Important drawbacks of such surface modification approaches are protein adsorption 
into the substrate, and the interaction between the cell and the surface modified 
substrate, is influenced by different parameters, for example, surface free energy and 
charge of both the cell and substrate, in conjunction with the thickness and roughness 
of the surface modified substrate. Consequently surface modifications can be 
unstable and uneven, which can result in cellular rearrangement when exposed to a 
high magnitude of mechanical forces [8]. Furthermore, any surface modification can 
affect the biology of cells and consequently change cellular responses to the 
experimental conditions. As such, this approach is not ideal for immobilisation of 
non-adherent cells, especially when high levels of mechanical stress such as flow-
induced shear is required.  
Microfluidic systems are widely considered, as enabling technologies in cellular 
biology research [8-10]. They offer reduced sample and reagent volumes, sample 
diversity, short reaction times, enhanced sensitivity, and the capacity for 
multiplexing and automation [1, 8, 11]. Moreover, microfluidic systems enable the 
quick and controllable immobilisation of cells using a variety of mechanisms, 
including hydrodynamics [12], optical tweezing [13], acoustophoresis [14], 
magnetophoresis [15], and dielectrophoresis [16].  
The use of hydrodynamic filters can lead to clogging of the microfluidic channel 
by trapped cells or debris [17]. The performance of such filters depends on the size 
and deformability of the cells, such that, the filters may need to be redesigned for 
each different cell types [12]. In addition, the trapping of cells between structures can 
potentially limit the amount of shear stress, which can be applied onto the cells [17, 
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18]. Alternatively, the use of hydrogels has enabled cells to be immobilised into three 
dimensional structures. However, the abovementioned processes are limited to the 
use of low flow rates, which are not suitable for the investigation of shear-induced 
stress [19, 20].  
Alternatively, “Optical tweezers” rely on sophisticated optical components to 
produce the desired optical patterns, in particular for producing multi-beam 
interference patterns for multiple immobilised cell clusters [13, 21]. In addition, the 
exposure of cells to highly focused laser beams can damage them or alter the 
functionality of cellular proteins [22]. Acoustophoresis enables label-free and non-
invasive manipulation of both single and multiple cells [14, 23]. Acoustophoresis, 
enables precise vertical location control through focusing cells at pressure nodes, 
enabling stacking; however, does not utilise the horizontal view required when 
viewing cell clusters via an inverted microscope used for observing cell responses, 
such as calcium signalling under shear stress. Magnetic tweezers, on the other hand, 
require the labelling of cells with immuno-magnetic tags [15]. Dielectrophoresis, the 
induced motion of polarisable particles, such as cells, under the influence of non-
uniform electric fields, enables the label-free, selective, and rapid immobilisation of 
cells in microfluidic systems [16, 24, 25]. Despite these advantages, the long-term 
exposure of cells to strong electric fields may affect the viability, and functioning of 
cells [7]. The temperature rise of the medium due to Joule heating effect is another 
factor that can damage cells [26]. Moreover, the electrical conductivity of the buffer 
should be reduced to enable the immobilisation of cells, which can damage the 
behaviour and viability of cells over extended experimental durations. Immobilised 
cells can also be exposed to unwanted chemical reactions such as electrolysis, which 
might happen over the surface of microelectrodes.  
Several approaches have been implemented to address these limitations. One such 
approach is reducing the duration in which cells are immobilised between the 
microelectrode, which is suggested to reduce the negative impacts of strong electric 
fields, such as an adverse temperature rise within cells. In one such method, 
presented by Hawkins et al., the microelectrodes are switched on/off harmonically to 
enable the quick trap/release of cells. Using this method, the immobilisation time of 
Mycobacterium smegmatis is limited to three seconds, just long enough to measure 
mycobacterial membrane properties, after which the cells are released [27]. 
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Similarly, Zhang et al, limited the immobilisation time of yeast to 30 ms, just long 
enough to obtain the Raman signature of cells; after which the cells are released to be 
sorted based on their Raman spectra [28]. Evidently, this solution does not allow for 
long-term analysis of cellular responses. 
Alternatively, Yang et al. pre-coated the microelectrodes with Anti-Salmonella 
antibodies. The electric field is applied for a duration of 15 to 30 minutes, to push the 
Salmonella bacterial cells towards the antibody coated microelectrodes [29]. This not 
only enhances the immune-capture efficiency of cells, but also enables the stable 
adhesion of cells once the electric field is switched off. Despite these advantages, the 
pre-coating of microelectrodes with antibodies complicates the operational process 
and are specific to the cell type of interest. Instead, Sebastian et al. presented results 
where the electric field is only activated for ten to fifteen minutes, to produce 
aggregations of Jukart cells over the microelectrodes; after which the electric field is 
switched off, and the low electrical conductivity buffer is replaced with growth 
media. The capability of this method was demonstrated for creating three-
dimensional aggregations of cells; however, the aggregated cells are scattered and 
slightly relocated after a period of one hour under a low shear stress of  
0.012 dyn/cm
2
 [30]. 
In this paper, we demonstrate a Dielectrophoresis based approach, Discontinuous 
Dielectrophoresis, for the stable immobilisation of cells, and analysis of cellular 
response under high shear flows. Discontinuous Dielectrophoresis is a quick and 
label-free procedure and does not rely on surface modification. Additionally, this 
approach minimises the adverse effects of strong electric fields and low electrical 
conductivity buffers, on the viability and functioning of cells. This was achieved by 
activating the field for a short duration of 120 s, just long enough to immobilise the 
cells, after which cell culture media such as HEPES buffered saline (HBS) can be 
flushed through the microfluidic system.  
For cell model system, we used HEK-293 cells stably expressing TRPV4 
channels, in suspension. TRPV4 is a mechanosensitive Calcium permeable ion 
channels belonging to the TRP (transient receptor potential) family of ion channels, 
which is known to play a key role in controlling vascular homeostasis and tone [31-
33]. HEK-293 cells are an excellent cell line to transfect and study TRP channels, as 
they are easy to work with, and express a very limited range of TRP channels that do 
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not include TRPV4. Such a cell line has been used by us and others to study the 
characteristics of TRPV4 [34, 35]. However, one common problem with HEK-293 
cells (and many other cell lines) is that they do not adhere well to the glass or 
polymer substrate, which precludes the study of their response to high magnitudes of 
shear stress. Hemodynamic forces in the venus and arterial systems are in the range 
of 10 to 60 dyn/cm
2
 [36]. However, for studying the effect of shear stress on TRPV4-
expressing cells, the shear stress is limited to 20 dyn/cm
2
 or less, largely due to the 
challenges associated with cells detaching at high magnitudes of shear stress  
[32, 34]. Therefore, the response of the TRPV4 channel to the full physiological 
range of shear stress has not yet been studied. In the present study, up to 90% of the 
cells remained stably immobilised, when applying a shear stress of 63 dyn/cm
2
. This 
enabled us to examine the shear-induced Calcium signalling of HEK-293 cells stably 
expressing TRPV4 at the full physiological range of shear stress and compare the 
effects to non-transfected cells.  
For the microelectrodes, gold on chrome films were deposited using physical vapour 
deposition onto a glass substrate at thickness of 1500 Å and 500 Å, respectively. The 
microelectrodes were then patterned using standard microfabrication techniques 
including photolithography and etching.  
The microchannel was fabricated utilising soft lithography and replica molding 
techniques [37]. The Polydimethysiloxane (PDMS) was prepared using Sylgard 184, 
with the base to curing agent ratio 10:1 (Dow Corning Corporation, MI). A PDMS 
microchannel of 500×80 µm (W×H) was used to apply appropriate suspensions, 
including the cells in the vicinity of the microelectrodes. 
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HEK-293 T-REx (Life Sciences) cell lines stably expressing human TRPV4 were 
generated as reported in elsewhere [38]. Cells were grown in tetracycline-free 
DMEM (Dulbecco’s Modified Eagle Medium) supplemented 10% FBS (Fetal 
Bovine Serum), Blasticidin (5 µg/ml) and Hygromycin (50 µg/ml). TRP channel 
expression was induced using 0.1 µg/ml of tetracycline 12 hours before each 
experiment. As negative control we used HEK-293 T-REx cells that were not 
transfected. 
Changes in intracellular level ([Ca
2+
]i) were measured on cell suspensions 
obtained by trypsinization of confluent monolayers of wild-type and TRPV4 stably 
transfected HEK-293 cells. The suspended cells were loaded with Fluro-4AM, 
washed twice with HBS (HEPES buffered saline solution) (140 mM NaCl,  
5 mM KCl, 10 mM HEPES, 11 mM D-glucose, 1 mM MgCl2, 2 mM CaCl2, and  
2 mM Probenecid, adjusted to pH 7.4), and assayed for [Ca
2+
]i. Intensity 
measurements were obtained using an inverted microscope (Nikon Eclipse, TE 2000) 
equipped with a photomultiplier tube, a near infrared camera (QuantEM:512SC, 
Photometrics), and a 10× objective (CFI Plan Apo Lambda 10×). The intensity 
measurements were then processed using NIS Elements, microscope imaging 
software (Basic Research, Nikon Instruments), thus, enabling the intensity profiles to 
be obtained.  
At the completion of every experiment, the viability of the cells was examined on-
chip with Propidium Iodide (PI) (10 µg/ml) staining.   
The Dielectrophoresis-based microfluidic platform used for the robust 
immobilisation of cells is displayed as Figure 3.1a. This platform is designed to 
maximise the uniform immobilised cell population in the visible region during 
microscopy techniques, so an interdigital microelectrode design was utilised. The 
gap between the fingers of the microelectrodes and also the width of the fingers was 
set to 40 µm due to the microfabrication limitations; whilst, the fingers overlapped 
by 300 µm (Figure 3.1b). A Polydimethylsiloxane (PDMS) microfluidic channel 
3.3 Results and Discussion 
 
61 
 
with cross-sectional dimensions of 500×80 µm (W×H), was integrated onto the glass 
substrate patterned with microelectrodes to facilitate the passage of cells; as 
schematically presented in Figure 3.1b. A reservoir with a diameter of five mm was 
punched at the inlet of the channel, enabling the cell suspension to be applied to the 
device, whilst, the flow was withdrawn from the outlet.  
The time averaged dielectrophoretic force (<FDEP>) applied on cells can be 
expressed as below [26]: 
 〈𝑭𝐷𝐸𝑃〉 = 2𝜋𝑟
3
𝑐𝑒𝑙𝑙𝜀𝑜𝜀𝑚𝑒𝑑𝑅𝑒{𝑓𝐶𝑀}∇|𝑬𝑟𝑚𝑠|
2.             (3.1) 
Where, rcell is the radius of the cell, εo is the permittivity of the vacuum which equals 
to 8.85x10
−12
 F/m, and εmed is the dielectric constant of the medium. Re{fCM} is the 
real part of the complex Clausius-Mossotti factor, which describes the polarisation of 
the cell with respect to the surrounding medium. Re{fCM} is a function of the cell 
geometrical and dielectric properties, medium dielectric properties, and the 
frequency of the applied alternating signal energising the microelectrodes, as detailed 
in Appendix A.1. Erms is the root-mean-square value of the electric field induced by 
microelectrodes.  
 
Figure 3.1| Microfluidic platform used for studying robust immobilisation of cells.  
(a) Schematic of the microfluidic platform. (b) Plan view of inter-digital microelectrode design. with 
dimensions of microelectrodes. (c) Frequency variation of the real part of the Clausius-Mossotti 
factor, indicating the DEP response of HEK-293 cells at different frequencies. For conductivities of  
(i) 200, (ii) 500, and (iii) 1000 µS/cm. (d) Contours of electric field at the surface of glass substrate, 
obtained by numerical simulations at an operating voltage of 5 Vpk-pk. (e) Contours of the gradient of 
electric field square at the surface of glass substrate, obtained by numerical simulations at an operating 
voltage of 5 Vpk-pk.  
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To demonstrate the capabilities of Discontinuous Dielectrophoresis for the robust 
immobilisation of cells, we have presented results using a HEK-293 cell suspension. 
To calculate the Re{fCM} of HEK-293 cells, we determined the first crossover 
frequency of cells; in which cells transition from being repelled to the 
microelectrodes (negative Dielectrophoresis) to being attracted to the 
microelectrodes (positive Dielectrophoresis) occurs. Three medium electrical 
conductivities (σmed) of 200, 500, and 1000 µS/m, had corresponding crossover 
frequencies of 55 ± 7, 145 ± 17, and 285 ± 45 kHz determined through experiments, 
respectively. Using these crossover frequencies of the HEK-293 cells, the Re{fCM} of 
HEK-293 cells was calculated over the frequency range of 10
4
 to 10
8
 Hz  
(Figure 3.1c). In our experiments, the electrical conductivity of the medium was set 
to 200 µS/m. Immobilisation of the HEK-293 cells was achieved by applying a AC 
sinusoidal signal of 5 Vpk-pk, operating at a frequency of 10 MHz, to maximise the 
magnitude of Re{fCM}, whilst minimising the occurrence of electrolysis and 
electrothermal vortices, which occur at low frequencies.  
Figure 3.1d presents the distribution of electric field generated over the glass 
substrate, obtained by numerical simulations, as detailed in Appendix A.2. 
Simulations reveal the generation of a strong electric field along the edges of 
microelectrodes. Maximum electric field strength of 252 kV/m was observed in 
between the microelectrode fingers, when a sinusoidal signal of 5 Vpk-pk was supplied 
to the microelectrodes. The overlapped section of the microelectrode fingers is 
situated in the middle of the microchannel, thus, enabled the quick trapping of the 
moving cells. Figure 3.1e illustrates the contours of ∇𝐸𝑅𝑀𝑆
2 , generated over the glass 
substrate, obtained by numerical simulations; additionally, according to Equation 3.1, 
∇𝐸𝑅𝑀𝑆
2  is proportional to the dielectrophoretic force applied on cells. Simulations 
indicate the generation of a strong dielectrophoretic force along the edges of 
microelectrodes, reaching a maximum at the tip of microelectrodes. This enabled the 
immobilisation of cells along the entire length of the microelectrodes. A stronger 
dielectrophoretic force was induced at the tip of the microelectrode fingers, which 
led to the secondary layer of cells accumulating locally; however, this secondary 
layer washed away upon increasing the flow rate, as described in the following 
section of the paper. This resulted in the formation of a single layer of cells 
immobilised along the width of the microfluidic channel. 
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Our procedure, Discontinuous Dielectrophoresis, used for robust immobilisation of 
cells is presented in Figure 3.2. Initially, the glass substrate with microelectrodes and 
PDMS microchannel were cleaned with Isopropanol and water, then dried with 
Nitrogen, and assembled using a mechanical clamp to avoid leakage. In the case that 
the glass substrate and channel are not clean, the cells will not remain immobilised to 
the substrate in the presence of high flow rates. Water was flushed through the 
microchannel, by applying a withdraw flow rate of 2.5 µl/min, with the cells 
suspended in a low electrical conductivity (LEC) buffer of 0.02 S/m, then applied to 
the microchannel (Figure 3.2a). The microelectrodes were then activated using a  
5 Vpk-pk alternating current (AC) sinusoid at 10 MHz, which led to the 
immobilisation of the cells. The electric field remained active until the desired 
population of cells were patterned at the microelectrodes. For example, it takes 120 s 
to form the cell pattern presented in Figure 3.2b.  
The electric field was then deactivated and the cell suspension within the inlet 
reservoir was exchanged to HEPES buffered saline (HBS), to ensure the viability and 
functioning of the cells. It should be noted that HBS has an electrical conductivity of 
1.2 S/m, such that it cannot be applied to the microchannel in the presence of electric 
field; if done so it leads to creation of strong electrothermal vortices, and bubbles 
over the surface of microelectrodes. After a minimum incubation time of 10 minutes 
in HBS, to enable the cells to equilibrate, the flow rate was then increased to  
5 µl/min. The slight increase in flow rate facilitated the removal of non-immobilised 
cells and the secondary layers of cells accumulated above the first layer of cells; in 
turn, leaving a clear view of the cells directly in contact with the substrate, upon 
observation with an inverted microscope (Figure 3.2c). The flow rate was then 
further increased, such as to 120 µl/min to enable the analysis of cells when 
stimulated with flow-induced shear stress (Figure 3.2d). At the completion of every 
experiment, the viability of the cells was examined on-chip, through staining the 
cells with propidium iodide (PI). PI was applied to the cells at a flow rate of  
2.5 µl/min for five minutes, to ensure sufficient staining, and the response of cells 
was observed through the inverted microscope. A similar process was used for the 
stable immobilisation of Saccharomyces cerevisiae yeast cells. 
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Figure 3.2| Discontinuous Dielectrophoresis Procedure using HEK-293 cells. (a-d) Schematic 
representation of the immobilisation process with corresponding experimental results (a´-d´) presented 
for the case when a high flow rate of 120 µl/min is applied to the immobilised cells. (a) Cells 
suspended in LEC are applied to the microfluidic platform at a low flow rate of 2.5 µl/min, and the 
electric field is activated for 120 s to immobilise the cells. (b) After 120 s the electric field is 
deactivated. (c) HBS is applied to the microfluidic platform. After 5 min, the flow rate is increased to 
5 µl/min to remove the loosely joint cells, and especially the secondary layers of cells. (d) The flow 
rate is then increased to desired values. Scale Bar: 50 µm. 
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To assess the capability of Discontinuous Dielectrophoresis for the stable 
immobilisation of cells, we measured the trapping efficiency of the HEK-293 cells 
when exposed to flow-induced shear stress. These cells have an inherently weak 
adhesion to glass surfaces, and can be easily dislodged during experiments. For 
comparison, the adhesion force of HEK-293 cell is one order of magnitude lower 
than that of HeLa cell, which is an adherent cell line [39]. The common approach to 
improve the adhesion of these cells is to pre-coat the glass surface with Poly-L-lysine 
or collagen [40]. Other methods such as pre-coating glass substrates, with positively 
charged polymers such as Poly(ethyleneimine) [40], and modifying cell’s integrin 
expression profile [41], have been also demonstrated to enhance the adhesion 
properties of these cells.  
In doing so, following the immobilisation of cells at a flow rate of 2.5 µl/min, the 
flow rate was sequentially increased every three minutes to 5, 10, 20, 40, 60, and  
100 µl/min. The trapping efficiency was calculated as: 
 ɳ𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 =
𝑛𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔_𝑐𝑒𝑙𝑙𝑠
𝑛𝑖𝑛𝑡𝑖𝑎𝑙
. 100%,                         (3.2) 
in which n is the number of cells; with the initial value corresponding to  the number 
of cells present at a flow rate of 5 µl/min, as presented in Figure 3.3. Experiments 
were repeated three to five times. Assuming that the patterned cells do not modify 
the hydrodynamics of the microfluidic channel the flow rates of 5, 10, 20, 40, 60, and 
100 µl/min produce shear stress values of 1.75, 3.5, 7, 14, 21, and 35 dyn/cm
2
, 
respectively, over the surface of the cells. Shear stress values were obtained through 
numerical simulations for the microfluidic channel used in our experiments; 
furthermore, stress can be expressed as: 
 𝛕 =
67.5 𝜇𝑙𝑖𝑞𝑢𝑖𝑑𝑄
𝑊𝐻2
,                (3.3) 
where, µ is viscosity, Q is flow rate, and W and H are the width and height of the 
microfluidic channel, respectively
 
(Appendix A.3). 
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To determine the sensitivity of our cell immobilisation process to operating 
conditions of the system, we performed five groups of experiments, as explained 
below with the results presented in Figure 3.3a:  
 Group-one (Control): no electric field was applied, and the cells suspended in 
HBS were allowed to rest over the substrate within 30 minutes in the absence of flow 
(Figure 3.3b);  
 Group-two (Continuous DEP-LEC): the electric field was applied through the 
entire duration of the experiment, and the cells were kept in LEC (Note: 
Dielectrophoresis is abbreviated with DEP);  
 Group-three (Discontinuous DEP-LEC): the electric field was applied for 
only 120 s, and the cells were kept in LEC (Figure 3.3c);  
 Group-four (Discontinuous DEP-LEC-HBS): representing our immobilisation 
approach where the electric field was applied for only 120 s, after which the LEC 
suspension was exchanged for HBS (Figure 3.3d) – referred to as the Discontinuous 
Dielectrophoresis procedure throughout the manuscript;  
 Group-five (Discontinuous DEP-LEC-HBS on PDMS): similar to Group-
four, however the glass substrate was exchanged for a PDMS substrate.  
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Figure 3.3| Cell Trapping Efficiency. (a) The trapping efficiency obtained for various combinations of 
electric field duration, suspending medium, and substrate. (b-d) Results of different groups of 
experiments, Group-one: no electric field is used to immobilise cells suspended in HBS, Group-three: 
discontinuous DEP after 120 s with cells suspended in LEC, and Group-four: discontinuous DEP after 
120 s, after which the medium is changed to HBS. Images compare the cell population at a low flow 
rate of 10 µl/min, to a high flow rate of 100 µl/min. Direction of flow is indicated by the red arrow 
and applies to all presented experimental images. Data is representative of three to five independent 
experiments and error bars indicate mean ± SEM. Scale Bar: 50 µm. 
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Taking note that for Group-two to Group-five, the electric field was generated by 
energising the microelectrodes with a 5 Vpk-pk AC sinusoid at 10 MHz. Group-one 
led to a trapping efficiency of 24%. The process of patterning cells was time 
consuming and also did not offer any control over the location of patterned cells. In 
comparison, Group-two led to a trapping efficiency of 93% at 100 µl/min, which is 
significantly higher than that of Group-one – by 70% fold. Despite such a high 
trapping efficiency, the continuous exposure of cells to electric field could 
potentially damage the cells [16]. In turn, this led us to discontinue the electric field 
after 120 s, which enabled a sufficient cell population to accumulate (Group-three). 
However, in this case, the trapping efficiency sharply dropped to 48% at 10 µl/min 
and further reduced to 0% at 100 µl/min. Such a poor trapping efficiency led us to 
exchange HBS (a biologically relevant buffer) for LEC, after discontinuing the 
electric field (Group-four). This led to a trapping efficiency of 91%, which was 
significantly higher than that of Group-three, and was very similar to the results 
obtained from Group-two. Our experiments indicated that for Group-four 
experiments, the trapping efficiency is greater than 90%, even at a shear level of  
63 dyn/cm
2 
(180 µl/min). However, in these experiments, some cells were observed 
to drift slightly, whilst, remaining attached to the substrate. The difference observed 
in the ability of a cell to withstand high shear stress in HBS (Group-four) compared 
to LEC (Group-three), is conjectured to be due to an increased cell adhesion to the 
substrate through the cell adhesion molecules (CAMs).  
CAMs are transmembrane proteins, which facilitate the adhesion of cells to a 
surface. Among different CAMs, integrins are the major class of proteins involved in 
cell adhesion [42]. Several studies have revealed that the adhesion properties of 
integrins are strongly dependent on the presence of Ca
2+
 and Mg
2+
 cations, in the 
buffer [43, 44]. The absence of these two cations in the LEC buffer can be the 
potential reason behind the decreased adhesion of HEK-293 cells to glass, in 
comparison to when the cells are suspended in HBS. To investigate if our 
immobilisation process depended on the material of the substrate, we replaced the 
glass substrate with a PDMS coated substrate, with patterned gold/chrome 
microelectrodes on its surface [45]; where, we repeated the case of discontinuous 
DEP-LEC-HBS on a PDMS substrate (Group-five). This led to a trapping efficiency 
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of 83% at a flow rate of 100 µl/min, which was slightly lower than that of Group-
four.  
Further experiments were undertaken to investigate the effect of the applied 
voltage on the trapping efficiency of cells, we repeated the experiments associated 
with Group-two, Group-three, and Group-four, at different signal voltages of 2.5, 5, 
and 10 Vpk-pk (Appendix A.4). The results indicated that for the case of continuous 
DEP-LEC (Group-two), increasing the voltage to 10 Vpk-pk reduced the trapping 
efficiency of cells. However, for the case of discontinuous DEP-LEC (Group-three) 
changing the applied voltage did not improve the trapping efficiency. Alternatively, 
for the case of discontinuous DEP-LEC-HBS (Group-four), increasing the voltage to 
10 Vpk-pk slightly improved the trapping efficiency at low flow rates, below  
20 µl/min; however, led to a reduction of the trapping efficiency at higher flow rates. 
These results suggested that an applied voltage of 5 Vpk-pk is optimal for the robust 
immobilisation of cells for Group-four. Additionally, increasing the voltage caused a 
high density of cells to immobilise between the first microelectrode finger pair, 
which resulted in the formation of multiple cells stacked on top of each other - which 
are easily detached at high flow rates. Alternatively, at lower voltages (close to the 
optimal voltage of 5 Vpk-pk) the cells are more uniformly immobilised between the 
consequent microelectrode (finger) pairs, thus, enabling the cells to withstand higher 
flow rates. Moreover, applying high voltages might lead to conformational changes 
within the CAMs such as integrin, compromising their adhesion properties [46]. 
In addition, a series of experiments were conducted to examine the proficiency of 
our approach for the robust immobilisation of Saccharomyces cerevisiae yeast cells; 
which are widely known to have a weak adhesion to glass surfaces. Yeast cells are 
generally ellipsoidal (non-spherical) shaped, which further weakens their adhesion 
due to electrostatic and hydrophilic repulsive forces. Yeast cells that are more 
spherical in nature are more adhesive; additionally, their adhesion properties can be 
further improved by increasing the ionic strength of the buffer [47]. The yeast cells 
were immobilised following the procedure presented in Figure 3.2, and the trapping 
efficiency was measured across the flow range of 10 to 100 µl/min (Appendix A.5). 
For the case of discontinuous DEP-LEC (Group-three) a low trapping efficiency of 
27% was obtained at a flow rate of 100 µl/min. In comparison, for the case of 
discontinuous DEP-LEC-HBS, the trapping efficiency increased to 82% at the same 
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flow rate. The increased trapping efficiency of yeasts in HBS at high flow rates is in 
line with the results obtained for HEK-293 cells presented in Figure 3.3a; 
additionally highlighting the role of cell extracellular environment in modulating the 
cell adhesion to the substrate. More importantly, this indicates that our 
immobilisation procedure, Discontinuous Dielectrophoresis is not limited to  
HEK-293 cells, and can potentially be applied to other non-adherent cells. 
To examine whether, our procedure Discontinuous Dielectrophoresis affects the 
viability of the cells, we compared the viability of the patterned cells over  
240 minutes duration, using propidium iodide (PI) staining and fluorescence 
microscopy. Following the immobilisation of cells at a flow rate of 2.5 µl/min, PI 
was flushed through the microchannel, and the viability was calculated as: 
 ɳ𝑐𝑒𝑙𝑙_𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑛𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔_𝑣𝑖𝑎𝑏𝑙𝑒
𝑛𝑖𝑛𝑡𝑖𝑎𝑙_𝑣𝑖𝑎𝑏𝑙𝑒
. 100%,            (3.4) 
 where, n is the number of cells. 
To identify the sensitivity of cells to operating conditions of the system, we 
performed three groups of experiments corresponding to Group-two (continuous 
DEP-LEC), Group-three (discontinuous DEP-LEC), and Group-four (discontinuous 
DEP-LEC-HBS), explained in the previous section, with the results presented in 
Figure 3.4a. Group-two (continuous DEP-LEC), which is commonly used in 
Dielectrophoresis based experiments, led to a viability rate of 72% after 240 minutes 
(Figure 3.4b). In comparison, Group-three (discontinuous DEP-LEC) led to a 
viability of 92% after 240 minutes (Figure 3.4c), which is significantly higher than 
that of Group-two, thus, clearly indicated the adverse effect of continuous electric 
field on the viability of cells. Effects including, Joule heating of the surrounding 
medium, trans-membrane potential interaction and reorganisation/activation of cell 
membrane components [7, 26]. Finally, Group-four (discontinuous DEP-LEC-HBS) 
led to a viability rate of 98% after 240 minutes (Figure 3.4d), which is slightly 
higher than that of Group-three – by 6% fold. Thus, highlighting the influence of 
LEC buffers on the viability of cells, which can be attributed LEC lack of various 
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essential salts, the ability for maintaining physiological pH of the media, and 
sufficient conductivity similar to biological environments [48, 49]. 
 
Figure 3.4| Viability of the Cells. (a) The viability of the cells is displayed for three different groups, 
Group-two: continuous DEP-LEC, Group-three: discontinuous DEP-LEC, and Group-four: 
discontinuous DEP-LEC-HBS. In all cases, fresh suspension medium either, LEC or HBS was 
supplied continuously over 240 minutes, at a low flow rate of 2.5 µl/min. (b–d) Experimental results 
for each of the three cases. (i) Bright field image, after 240 minutes, presenting the entire population 
of both viable and non-viable cells. (ii) Fluorescence images, highlighting the non-viable cells after  
30 minutes. (iii) Fluorescence images, highlighting the non-viable cells after 240 min. Data is 
representative of three to three independent experiments and error bars indicate mean ± SEM. Scale 
Bar: 50 µm. 
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Due to the ability of the immobilised cells to withstand high flow rates using 
Discontinuous Dielectrophoresis (Group-four procedure), we were able to investigate 
shear-induced intracellular calcium signalling of HEK-293 cells, stably expressing 
TRPV4 in a microfluidic channel; furthermore, enabling results to be compared with 
non-transfected (NT) HEK-293 cells. Cells were loaded for 30 minutes with Fluo-
4AM dye as previously described [34] and then were carefully diluted in LEC, such 
that 20 µl of the loaded cells were suspended into 1000 µl of LEC; ensuring to avoid 
pre-exposure of cells to shear stress. Once the cells were immobilised following 
Discontinuous Dielectrophoresis (explained in Figure 3.2), the flow rate was 
increased to achieve the desired level of shear stress. Simultaneously the intracellular 
calcium level, [Ca
2+
]i was quantified by measuring the changes in the intensity of the 
Fluo-4AM compare to the basal level, as presented in Figure 3.5. 
Fluo-4AM fluorescent intensity measurements were obtained over a duration of 
840 s were normalised to the resting cell intensity; furthermore intensity profiles for 
individual cells were determined at three different flow rates of 30 µl/min  
(Figure 3.5a), 120 µl/min (Figure 3.5b), and 180 µl/min (Figure 3.5c). Three time-
lapse images taken at 80, 300, and 840 s are presented in Figure 3.5c´, respectively 
for a flow rate of 180 µl/min. Additional time-lapse images for flow rates 30 and  
120 µl/min are given in Appendix A.6. At the completion of the experiment, the 
viability of the cells was examined by applying PI suspended in HBS, at a flow rate 
of 2.5 µl/min; additionally, the intracellular calcium signalling of non-viable cells 
were excluded from the analysis.  
Higher levels of shear stress reduced cellular and peak response times, the time in 
which cells activate and reach their maximum response, respectively. For example, at 
shear stress values of 42 dyn/cm
2
 (120 µl/min) and 63 dyn/cm
2
 (180 µl/min),  
HEK-293-TRPV4 cells responded to shear within 77 ± 6 and 53 ± 21 s, respectively. 
Whilst, at a shear stress of 10.5 dyn/cm
2
 (30 µl/min), the cellular calcium was still 
increasing slowly at 360 ± 28 s – the cellular response did not reach a plateau during 
the experiment. Increasing the shear stress to 42 dyn/cm
2
 (120 µl/min) and  
63 dyn/cm
2
 (180 µl/min), reduced the peak response times to 392 ± 18 and  
253 ± 32 s, respectively (Figure 3.5a-c). Furthermore, we found that increasing the 
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shear stress increased the maximum fold increase of [Ca
2+
]i, from 1.46 ± 0.03 at  
10.5 dyn/cm
2
 (30 µl/min), to 2.27 ± 0.07 and 2.49 ± 0.1, at 42 dyn/cm
2
 (120 µl/min), 
and 63 dyn/cm
2
 (180 µl/min), respectively (Figure 3.5a-c). It should be noted that 
the control negative group (non-transfected HEK-293 cells) did not show any 
response to shear stress (Figure 3.5d). Our experiments indicated that increasing 
applied shear stress increases the percentage of activated cells from 3.25 ± 1.2% at a 
shear stress level of 0.875 dyn/cm
2
 to 15.67 ± 8.9, 73.1 ± 12.5, and 79.3 ± 14.3, at 
shear stress levels of 10.5,
 
42, and 63 dyn/cm
2
, respectively
 
(Figure 3.5e).  
 
 
Figure 3.5| Application of the dielectrophoresis-based immobilisation process for analysis of shear-
induced calcium signalling. (a-d) Normalised single cell intensity profiles of 30 to 50 cells over the 
experimental duration of 840 s, under different shear stresses. Note that an increase in shear stress 
increases the maximum fold increase of [Ca
2+
]i,: (a) 1.46 at 10 dyn/cm
2
,
 
to (b) 2.27, and (c) 2.49, at  
42 and 63 dyn/cm
2
, respectively. (c´) Experimental images for an applied shear stress of 63 dyn/cm
2
:  
(i) bright field and (ii-iv) fluorescent images of immobilised HEK-293-TRPV4 cells loaded with  
Fluo-4AM acquired at 80, 300, and 840 s upon application of 63 dyn/cm
2
 shear stress.  
(d) non-transfected HEK-293 cells did not show any response to shear stress even at 63 dyn/cm
2
.  
(e) Percentage of activated cells, over a shear stress range of 0 to 63 dyn/cm
2
. Data is representative of 
three independent experiments and error bars indicate mean ± SEM. Note that an increase in Fluo-
4AM fluorescent intensity indicates increase in [Ca
2+
]i.. Scale Bar: 50 µm. 
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Here, we have demonstrated the robust immobilisation of cells using Discontinuous 
Dielectrophoresis (Group-four). In contrast to conventional immobilisation methods, 
our procedure does not rely on substrate surface modification. Discontinuous 
Dielectrophoresis enables dynamic control of the microenvironment, and 
parallelisation. More importantly Discontinuous Dielectrophoresis provides the 
ability to apply a high level of shear stress over immobilised loosely adherent cells, 
which was not previously possible.  
The proposed procedure, Discontinuous Dielectrophoresis, will open new 
horizons to study the mechanotransduction of non-adherent cells. 
Mechanotransduction is a process, by in which cells are able to sense the mechanical 
stress that they receive from the surrounding environment, then translate this into 
biochemical signals. Cellular response to mechanical stress modulates a diverse 
range of cellular functions such as proliferation; differentiation; migration; and is 
crucial for cellular homeostasis and function [50]. Due to limitation of available 
tools, the identity and mechanism of action of mammalian mechanoreceptors remains 
poorly understood. It is not clear how cells transduce the mechanical signals that they 
receive from the surrounding environment and there is debate about the nature of the 
primary mechanosensing molecules. Mechanical stimulation across the full 
physiological range remains difficult for non-adherent or loosely adherent cells, since 
they may be washed away using conventional approaches. 
Discontinuous Dielectrophoresis enabled us to stably immobilise cells in 
suspension, and then apply shear stress from the low to the very high physiological 
range; whilst concurrently measuring fluorescent intensities of individual cellular 
responses using microscopy techniques. Immobilisation was achieved by activating 
the electric field for up to 120 s, after which the electric field was deactivated and 
HBS was flushed through the microchannel. Discontinuous Dielectrophoresis 
overcomes two major limitations of dielectrophoresis, including the long-term 
exposure to strong electric fields, and the use of low electrical conductivity (LEC) 
isotonic buffers, which both can affect the viability and functionality of cells. The 
capability of dielectrophoresis for immobilising different mammalian cells, and the 
subsequent impact on their viability and functionality has been demonstrated by 
3.4 Conclusions and Future Outlook 
 
75 
 
several research groups [30, 48, 51, 52]. Considering the magnitude of the electric 
field, and duration in which the immobilised cells are exposed to the electric field, 
are factors that can compromise the viability and functionality of cells, with these 
affects minimised in our procedure. The maximum electric field applied to the cells 
in our work is limited to 126 kV/m (Figure 3.2d), which is comparable to the electric 
fields presented in the literature for Dielectrophoresis [53, 54]. However, we limited 
the duration that cells are exposed to electric field to 120 s in our procedure; which is 
considerably less than the duration of the applied electric field presented in literature 
- indicating the efficacy of our approach when using fragile mammalian cells.  
Using Discontinuous Dielectrophoresis, the shear stress response of TRPV4 
channels was investigated. TRPV4 is Ca
2+
 permeable ion channel, wildly expressed 
in different organs; additionally, its response to mechanical stress is linked to 
different physiological and pathological conditions [32, 34, 55]. For example, in 
vascular endothelium TRPV4 controls the vasodilation of smooth muscle cells in 
response shear stress. As such, understanding the signalling pathways regulating 
mechanosensitivity of TRPV4 is highly valuable for clinical pharmacology. So far 
available literature has not been able to report a clear shear stress response from cells 
expressing TRPV4; which will influence understanding of underlying subcellular 
responses, mainly due to limitation of available methods. One such limitation is the 
ability to apply high levels of shear stress. Discontinuous Dielectrophoresis, enabled 
high shear stress analysis of intracellular calcium signalling analysis of HEK-293, 
with results indicating a clear increase in [Ca
2+
]i that was dose dependent, as well as 
an increase in the percentage of activated cells. Although we used Discontinuous 
Dielectrophoresis for studying the shear-induced calcium signalling of cells, it has 
the potential to be applied to a wide range of cellular assays. In particular, where the 
non-adherent cells are required to be immobilised, then stimulated either chemically 
or physically, and monitored in real-time. 
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Microfluidic platforms enable a variety of physical or chemical stimulation of single 
or multiple cells, to be examined and monitored in real-time. To date intracellular 
calcium signalling research, is however, predominantly focused on observing the 
response of cells to a single mode of stimulation; consequently, the 
sensitising/desensitising of cell responses under concurrent stimuli is not well 
studied. In this paper we provide an extended Discontinuous Dielectrophoresis 
procedure to investigate the sensitising of chemical stimulation, over an extensive 
range of shear stress, up to 63 dyn/cm
2
, which encompasses shear stresses 
experienced in the arterial and venus systems (10 to 60 dyn/cm
2
). Furthermore, the 
TRPV4-selective agonist GSK1016790A, a form of chemical stimulation, did not 
influence the ability of the cells’ to remain immobilised under high levels of shear 
stress; thus, enabling us to investigate shear stress stimulation on agonism. Our 
experiments revealed that shear stress sensitises GSK1016790A-evoked intracellular 
calcium signalling of cells in a shear-stimulus dependent manner, as observed 
through a reduction in the cellular response time, and increase in pharmacological 
efficacy. Consequently, suggesting that the role of TRPV4 may be underestimated in 
endothelial cells - which experience high levels of shear stress. This study highlights 
the importance of conducting studies at high levels of shear stress. Additionally, our 
approach will be valuable for examining the effect of high levels of shear on 
different cell types under different conditions, as presented here for agonist 
activation. 
Keywords: Microfluidics, Discontinuous Dielectrophoresis, HEK-293, 
GSK1016790A, Calcium Signalling. 
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Calcium ion (Ca
2+
) is a potent and versatile intracellular messenger that regulates a 
wide range of spatial and temporal cellular signals. Intracellular calcium level 
([Ca
2+
]i), is tightly controlled by efflux from the cell through ion transporters, 
sequestration in intracellular compartments, buffering high affinity cytosolic calcium 
binding proteins, and influx through regulated ion channels [1]. Opening of calcium 
permeable channels in response to their selective stimulus, such as mechanical stress 
or agonists, causes an influx of Ca
2+ 
into cells. This event increases the [Ca
2+
]i, 
which can be measured using Ca
2+ 
sensitive dyes. 
Microfluidic platforms have been widely used for various cell-based assays 
including, cell culturing, separation, analytic detection, and biochemical analysis, to 
name a few [2-21]. In the area of physiology for example, signalling within and 
between cells, including calcium signalling has been investigated using microfluidic 
based platforms [22-26].
 
In the event of designing a microfluidic platform to 
investigate intracellular calcium signalling of cells in suspension, several aspects 
need to be considered. For example, the immobilisation strategy used to immobilise 
cells to enable real-time observations, target cell population size, and the intended 
stimuli to be applied. 
Commonly reported immobilisation approaches used for investigating 
intracellular calcium signalling on microfluidic platform include: hydrodynamic 
trapping, and surface modification [9, 24, 27-32]. In previously reported 
hydrodynamic trapping microfluidic platforms, different target cell populations have 
been investigated, from a single isolated cell, to arrays of cells; in each case the cells 
are trapped using various types of hydrodynamic “docks”, which enables label free, 
high-throughput imaging of cells [27, 28, 33, 34]. These hydrodynamic devices have 
enabled various stimuli to be investigated, including: electric field [34] excitation, 
thermal, chemical (commonly, achieved through using specific inhibitors and 
activators), and physical stimuli (such as flow-induced shear stress or mechanical 
deformation, achieved by using various hydrodynamic structures) [23, 24, 27, 28, 33, 
34]. For example, Xu et al. designed a microfluidic platform to isolate an individual 
HL60 cell from suspension, then in turn applying whole cell compression through a 
deflectable membrane, which resulted in Ca
2+
 flow through ion channels [34].
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However, the use of hydrodynamic structures introduces the possible trapping of 
debris, and limits shear stress investigation due to the influence of surrounding 
microstructures on shear stress profiles.  
On the other hand, surface modification approaches, use specific chemicals to coat 
the substrate surface, such as biomimetic peptides (for example, Poly-L-lysine and 
Poly-L-ornithine) or extracellular matrix proteins (for example, laminin and 
fibronectin) [2, 30-32, 35, 36]. Baratchi, et al. investigated the influence of shear and 
thermal stresses, using a chemically modified substrate surface microfluidic 
platform. The platform incorporated a microchannel with contracting-expanding 
geometry, so that immobilised cells throughout the platform experienced different 
levels of shear stress. Additionally, thermal investigation was conducted by changing 
the temperature surrounding the microfluidic platform [32]. Cells immobilised using 
surface modification approaches become readily dislodged with increasing shear 
stress; consequently, shear stress investigations are limited to 20 dyn/cm
2
 [32, 37]. 
In summary, these aforementioned platforms, both hydrodynamic- and surface 
modified- microfluidic platforms, have provided insights into the intracellular 
calcium signalling responses of different cells. Such insights include metabolic 
monitoring; response to cardio-tonic agents and cardio-toxic chemotherapeutic for 
drug discovery; channel response to specific inhibitors and activators; and ion 
responses to a specific stimulus, such as shear stress or whole cell compression [24, 
27, 28, 32-34, 38]. However, to date platforms have not been designed specifically to 
investigate high levels of shear stress on loosely adherent cells or to concurrently 
examine its effect on agonism of mechanically-sensitive ion channels. To address 
this, we have extended our recently reported Discontinuous Dielectrophoresis 
procedure to examine the effect of mechanical stimulation on agonist activation in 
HEK-293-TRPV4 cells, through measuring intracellular calcium levels [39]. 
Discontinuous Dielectrophoresis reduces the electric field activation duration, 
compared to conventional Dielectrophoresis; additionally, experiments can be 
conducted in biocompatible high-conductivity buffers, such as HEPES buffered 
saline, which helps to maintain cell viability and function. Discontinuous 
Dielectrophoresis enables high shear stress analysis of cells, that are normally grown 
in suspension, or, do not attach well to substrate surfaces. Experiments can be 
undertaken shear stress levels comparable to those observed in arterial and venus 
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systems (10 to 60 dyn/cm
2
); the highest levels of shear experienced by cells in vivo 
[39, 40]. 
Discontinuous Dielectrophoresis, enabled us to investigate the shear-induced 
calcium signalling of HEK-293 cells, expressing TRPV4 [39]. TRPV4 is a non-
selective Ca
2+
 permeable cation channel, which responds to various stimuli, 
including shear stress and chemical stimulation. Most of the 28 mammalian TRP 
channels in this family are non-selective cation channels which are opened by a 
variety of stimuli. TRPV4 is a mechanosensitive channel expressed in vascular 
endothelial cells; these cells experience shear stress from blood flow. TRPV4 is a 
polymodal receptor, which plays important roles in cellular processes such as 
mechano-, thermo-, and osmo- sensation [41, 42].
 
Here, we have used Discontinuous 
Dielectrophoresis to investigate the influence of shear stress on TRPV4 responses, to 
its selective agonist GSK1016790A in HEK-293-TRPV4 cells. Additionally, we 
compared agonist-induced calcium signalling characteristics of HEK-293-TRPV4 
cells’, in HEPES buffered saline and the low electrical conductivity buffer (routinely 
used in conventional Dielectrophoresis microfluidic systems). 
HEK-293 T-REx (Life Sciences) cell lines stably expressing human TRPV4 were 
generated by growing the cells in tetracycline-free DMEM (Dulbecco’s Modified 
Eagle Medium) supplemented 10% FBS (Fetal Bovine Serum), blasticidin (5 µg/ml), 
and hygromycin (50 µg/ml)[43]. To induce TRP channel expression, 0.1 µg/ml of 
tetracycline was applied into the cell buffer 12 hours before each experiment.  
HEK-293 T-REx cells that were not transfected were used as a negative control.  
Prior to experiments 20 µl of loaded cells were diluted in 1000 µl in a low 
electrical conductivity (LEC) buffer (8.5% w/v sucrose and 0.3% dextrose in 
deionised water). During the dilution process one had to careful when diluting the 
cells, to minimise the occurrence of pre-exposing the cells to shear stress.  
The intracellular level was obtained through measuring the light intensity of cells 
stained with Fluo-4AM dye, as previously explained [32]. The viability of cells was 
verified at the completion of each experiment, through examining the viability of 
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cells on-chip using Propidium Iodide (PI) stain (10 µg/ml). 
GSK1016790A (Sigma-Aldrich), a selective and cell-permeable agonist of the 
TRPV4 ion channel, was dissolved in DMSO (Dimethyl sulfoxide), and then diluted 
in HEPES buffered saline (HBS) to obtain the desired concentrations of 12.5 and 
3.125 nM. HBS contained 140 mmol/l NaCl, 5 mmol/l KCl, 10 mmol/l HEPES,  
11 mmol/L D-glucose, 1 mmol/l MgCl2, 2 mmol/l CaCl2, and 2 mmol/l probenecid, 
adjusted to pH = 7.4 [44]. 
The microelectrodes were fabricated using standard photolithography and etching 
techniques; additionally, the Polydimethysiloxane (PDMS) microfluidic channel was 
fabricated using replica molding techniques [45]. The design of the gold-on-chrome 
microelectrodes, and 500 by 80 µm (width by height) PDMS microchannel, is 
presented in more detail in the Appendix B.1. 
Fluorescent intensity was determined through analysing areas defined as regions of 
interest (ROIs) which encapsulated single cells, using in-built functions of NIS 
element viewer (Nikon Instruments). To quantify changes in [Ca
2+
]i the average 
intensity of selected ROIs were measured and results are reported as the ratio of 
F1/F0. Activation was defined as an increase in the summed fluorescent signal from 
test groups that exceeded three standard deviations from the mean of the control. 
Results are presented as mean ± SEM and P value of less than 0.05 were considered 
significant (*P<0.05, **P<0.01, ***P<0.001). For statistical analysis, student t test 
or ANOVA was performed using the Graph pad prism software. 
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Computational Fluid Dynamic techniques were used to calculate the flow-induced 
shear stress. The Reynolds number obtained for a flow rate of 120 µl/min (the 
highest flow rate used in our experiments) was determined to be less than 10, 
indicating that the flow was characteristically laminar. Additionally, the buffer 
medium was considered as a Newtonian liquid. Navier-Stokes equations were solved 
using ANSYS Fluent 6.3 software package (Canonsburg, PA, USA), and the 
pressure-velocity terms were coupled using the SIMPLE algorithm. The Second-
Order Upwind Scheme was used for discretization of convection terms. The 
simulations were performed in three-dimensional, in the presence of immobilised 
cells, as further detailed in Shear Stress Simulation Analysis section. Boundary 
conditions used throughout simulations, included an ambient pressure at the inlet, 
and the application of desired flow rates at the outlet. Furthermore, the surface of 
glass substrate, microchannel and immobilised cells were considered as rigid walls, 
with no-slip boundary condition applied. 
Discontinuous Dielectrophoresis, a procedure for immobilising loosely adherent cells 
to withstand high shear stress, was recently developed by our group [39]. Using this 
method, we have investigated the impact of shear stress on agonist activation of 
intracellular calcium signalling in HEK-293-TRPV4 cells. Discontinuous 
Dielectrophoresis is required to immobilise loosely adherent cells, such that they are 
not washed away in high shear stress -other methods are limited to low shear stresses 
(less than 20 dyn/cm
2
) or have adverse effects on cell integrity [32, 37, 39]. In this 
paper, the magnitude of shear stress is expressed in dyn/cm
2
, the preferred unit to 
express shear stress in the field of mechanobiology  
(1 dyn/cm
2
 = 10 N/m
2
 = 10 Pa). In summary, Discontinuous Dielectrophoresis 
(Figure 4.1a) is a procedure undertaken on a microfluidic platform, described as 
follows (See Appendix B.1 for device design). Cells were added to the microfluidic 
platform at a flow rate of 2.5 µl/min. Once the cells reached the microelectrodes, an 
electric field was used to immobilise them along the microelectrodes by applying an 
alternating-current sinusoidal signal operating at 10 MHz, 5 Vpk-pk (See  
Appendix B.2 for corresponding electric field contours). The electric field was 
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deactivated after 120 s, which enables a suitable population of cells to be 
immobilised, and low electrical conductivity (LEC) buffer was exchanged for 
HEPES buffered saline (HBS); following which HBS is washed through the 
microchannel for ten minutes to enable cells to reach equilibrium. After this wash, 
the activating stimuli such as chemical (agonist) and shear stress were applied to the 
immobilised cells. Cells remain immobilised in flow rates of 180 µl/min  
(63 dyn/cm
2
) using Discontinuous Dielectrophoresis, with an efficiency greater than 
90% (Figure 4.1b) [39]. As we previously conjectured, we attributed this high 
trapping efficiency to an increase in the adhesion properties of the cell adhesion 
molecules (CAMs), when invoking Discontinuous Dielectrophoresis [39, 46-48]. 
Propidium iodide in HBS, at a flow rate of 2.5 µl/min was used to assess cell 
viability at the conclusion of each experiment. As previously reported, Discontinuous 
Dielectrophoresis did not have adverse effects on cell viability. At the completion of 
the Discontinuous Dielectrophoresis procedure a viability assay was completed for a 
240 minute duration, which presented with a viability of 90% [39]. 
Stimulation mechanisms we investigated after carrying out Discontinuous 
Dielectrophoresis were chemical (pharmacological agonism), shear stress, and 
concurrent chemical and shear stress (Figure 4.1b). Chemical simulation  
(Figure 4.1b(i)), was achieved by adding a desirable concentration of a selected 
chemical into the inlet reservoir of the microfluidic platform. The selected chemical 
was applied with a low flow rate to the immobilised cells, thus, producing a 
negligible shear stress of 0.875 dyn/cm
2
. As an example of chemical (agonist) 
stimulation, HEK-293 cells expressing TRPV4 were stimulated with a TRPV4-
selective agonist, GSK1016790A (prepared as explained in Experimental Section). 
Shear stress stimulation (Figure 4.1b(ii)), was achieved by increasing the flow rate, 
for example to 120 µl/min to produce shear stress of 42 dyn/cm
2 
over the 
immobilised cells. Concurrent chemical and shear stress stimulation  
(Figure 4.1b(iii)), was achieved by applying the desired chemical (GSK1016790A, 
in our case) via the inlet reservoir of the microfluidic platform; whilst, increasing the 
flow rate to induce the desired levels of shear stress over the immobilised cells. 
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Figure 4.1| Procedure for investigating intracellular calcium signalling of cells using different 
stimulation mechanisms. (a) Discontinuous Dielectrophoresis procedure, image adapted from our 
recently published work entailing the complete Discontinuous Dielectrophoresis procedure [39];  
(b) Stimulation of immobilised cells using different mechanisms: (i) Investigating chemical induced 
calcium signalling, achieved by applying agonists such as GSK1016790A, at a low flow rate of  
2.5 µl/min; (ii) Investigating shear stress induced calcium signalling of cells, achieved through 
varying the flow rate applied to the microfluidic platform (such as 120 µl/min); (iii) Investigating 
concurrent chemical and shear stress induced calcium signalling of cells. Scale Bar: 50 µm. 
In brief, chemical stimulation is achieved by firstly carrying out Discontinuous 
Dielectrophoresis (Figure 4.1a), then applying the desired chemical, to the 
microfluidic platform; which in our case was the agonist GSK1016790A. Then the 
chemical was supplied to the immobilised cells, by applying a low flow rate  
(2.5 µl/min) – which ensured that the shear stress experienced by the immobilised 
cells was negligible (0.875 dyn/cm
2
) (Figure 4.1b(i)).  
An LEC suspension is commonly used for Dielectrophoresis-based experiments, 
and has been previously reported to affect the viability of cells over an extended 
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duration [49]. Such reduction of viability can be attributed to the fact that LEC is 
absent of essential ions, such as calcium that assist in regulating biological 
functioning [1]. However, the influence of LEC on cell functioning, in regards to 
intracellular calcium signalling has not been examined. To investigate this, we 
compared the agonist-induced calcium signalling of HEK-293-TRPV4 cells, 
suspended in LEC in relation to those suspended in HBS. Two different 
concentrations of GSK1016790A, of 3.125 and 12.5 nM were selected for the 
comparison experiments between the two buffers. As a negative control, we 
measured responses from non-transfected (NT) cells, under the same concentrations 
of GSK1016790A. All experiments were conducted at a low flow rate of 2.5 µl/min 
(corresponding to a shear stress of 0.875 dyn/cm
2
), to mitigate the impact of shear 
stress. GSK1016790A induced calcium influx was quantified by measuring the 
changes in the fluorescent intensity of the Fluo-4AM, which was normalised to the 
basal level over a duration of 600 s; with GSK1016790A being applied to the system 
at 60 s, as presented in Figure 4.2a-b (See Appendix B.3 for experimental 
fluorescent images). In order to understand the influence of suspension medium on 
the characteristics of calcium influx, we compared four parameters (Figure 4.2c), 
the: (i) cellular response time; (ii) peak response time; (iii) maximum fold increase of 
intracellular calcium level ([Ca
2+
]i), pharmacological efficacy; and, (iv) percentage of 
activated cells. 
Cells suspended in HBS exhibited a faster rise in [Ca
2+
]i than cells suspended in 
LEC. For example, in the presence of 3.125 nM GSK1016790A, the cellular 
response time in HBS was 179 ± 11 s (P<0.001, N=4) shorter than cells in LEC. 
Additionally, the use of HBS reduced the peak response time. For example, in the 
presence of 12.5 nM GSK1016790A, the peak response time in HBS was 172 ± 25 s 
(P<0.001, N=4) shorter compared to cells suspended in LEC. Additionally, the 
response characteristics indicated, that increasing the concentration of 
GSK1016790A reduced the peak response time for cells suspended in HBS by  
78 ± 24 s (P<0.05, N=4); however, no significant change was observed in LEC. 
Increasing the concentration of GSK1016790A from 3.125 to 12.5 nM caused an 
increase in the maximum fold increase of [Ca
2+
]i regardless of the suspension 
medium. However, cells suspended in HBS exhibited higher maximum responses 
(efficacy) compared to cells suspended in LEC. At a GSK1016790A concentrations 
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of 3.125 and 12.5 nM, a difference of 2.4 ± 0.2 (P<0.01, N=4) and  
1.9 ± 0.2 (P<0.001, N=4) was observed, respectively. The percentage of activated  
HEK-293-TRPV4 cells in response to 3.125 nM GSK1016790A was 16 ± 1% fold 
(N=4) higher in HBS, compared to LEC; with a smaller difference observed at higher 
concentrations of GSK1016790A. In addition, a negligible response was observed 
when using the control negative group (non-transfected HEK293 cells) in HBS, 
regardless of GSK1016790A concentration. Cells had a viability rate of 98.3 ± 0.6%,  
99.2 ± 0.3%, and 98.9 ± 0.2%, for the control, cells suspended in HBS and LEC, 
respectively. Thus, indicating the viability of cells was not influenced by the 
application of GSK1016790A or the buffer. 
The intracellular calcium signalling can arise from Ca
2+
 influx from external 
sources (such as a buffer) as well as Ca
2+
 release from intracellular stores. As such, 
buffers that modulate the amplitude, duration, and extent of Ca
2+
 influx, have a 
significant influence on intracellular calcium signalling [50]. Furthermore, 
measurement of changes in intracellular calcium under the stage of microscope needs 
to be performed in an atmosphere containing a small concentration of carbon dioxide 
(usually 5%), undertaken in a specialised incubator to control the concentration of 
gas dissolved and maintain cell physiological conditions. HBS is commonly used in 
live cell microscopy, to maintain pH levels in the absence of 5% Carbon Dioxide 
atmosphere [51]. In addition, the presence of sufficient amount of salts in HBS 
maintains the osmotic pressure of the cells [52]. The absence of any pH buffering 
component and physiological level of salts (for example CaCl2), in the LEC buffer 
interfere with calcium signalling; this is due to LEC not maintaining the 
physiological conditions such as pH, osmotic pressure as well as Ca
2+
 influx. 
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Figure 4.2| Comparing the influence of cells suspended in LEC in relation to HBS, in regards to the 
intracellular calcium signalling of HEK-293-TRPV4 cells. (a-b) Normalised intensity profiles at 
different concentrations of GSK1016790A (3.125 nM, and 12.5 nM, respectively), conducted for 
HEK-293-TRPV4 cells suspended in (i) LEC, (ii) HEPES, and (iii) NT HEK-293 cells suspended in 
HEPES (Negative control) (See Appendix B.3 for experimental fluorescent images). (c) Comparing 
the response characteristics: (i) cellular and (ii) peak response times, and (iii) pharmacological 
efficacy of cells suspended in different buffers. Data are presented as the mean ± SEM, ***P<0.001 
and ****P<0.0001. 
Discontinuous Dielectrophoresis (Figure 4.1a) as discussed above enables cells to 
remain immobilised under high shear stress levels. An analysis of the effect of shear 
stress on immobilised cells was performed. The spherical shape of the cell was 
preserved, during and after immobilisation achieved using Discontinuous 
Dielectrophoresis. However, the immobilised cells alter the spatial distribution of 
flow variables, including the flow velocity and velocity gradients close to the cells. 
Consequently, these gradients caused a change in magnitude of the flow-induced 
shear stress, in comparison to the absence of cells. We present here, simulation 
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results to provide an insight into the shear stress experienced by immobilised cells in 
different configurations (Figure 4.3 and Figure 4.4). Configurations investigated, 
include single, double, and triple cells patterned parallel or normal to the direction of 
flow. An extended cluster configuration, containing two rows with seven cells in 
each row was also investigated. 
For the simulations, the diameter of cells was set to 15 µm the diameter of  
HEK-293 cells. Furthermore, the cells are pushed 1.5 µm towards the glass substrate, 
to mimic the deformation of the cell, when immobilised on the glass substrate (see 
Appendix B.4). The spherical structure above the glass surface is then scaled up 
accordingly, to ensure the volume of a single cell is maintained. Similarly, for the 
case of adjacent cells, the cells are pushed 1.5 µm towards each other to mimic the 
local deformations, which occur at the interface of adjacent cells. The merged 
structure is scaled up accordingly to maintain the total volume of constituent cells 
(see Appendix B.5). 
During the application of high flow rates, the electric field is inactive  
(Figure 4.1), thus, the deformation of cells due to strong electric fields, and the 
formation of secondary flows (such as electro-thermal vortices) due to Joule heating 
effects was not accounted for in our simulations. Reference Shear is defined as the 
maximum shear stress experienced along the flat surface of a glass slide in the 
absence of immobilised cells. For simulations, a flow rate of 120 µl/min was used, 
which corresponds to the highest flow rate reported in this paper, used for 
investigating the response of cells to shear stress stimulus. The Reference Shear at 
the aforementioned flow rate is 42 dyn/cm
2
; for a microfluidic channel with 
dimensions of 500 by 80 µm (see Appendix B.6). 
In the case of a single cell, (Figure 4.3a(i)), a maximum shear stress of  
191 dyn/cm
2
 (indicated in dark red) was obtained along the surface at the top of the 
cell; which is approximately 4.5 times greater than the magnitude of the Reference 
Shear. However, the cell surface regions in close proximity to the glass substrate 
experience the lowest shear stress, ranging between zero and 29 dyn/cm
2
; which 
corresponds to the low flow velocities experienced in these regions. Consequently, 
the average shear stress over the entire cell was determined to be 58 dyn/cm
2
, which 
is approximately 1.4 times the magnitude of the Reference Shear (Figure 4.3b). 
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For the case of double cells, patterned parallel to flow (Figure 4.3a(ii)), the extent 
of the maximum shear stress region along the surface at the top of the cells was 
smaller compared to the case of single cell; especially for the back/downstream 
positioned cell that is located in the ‘shadow’ of the front/upstream cell. 
Furthermore, low shear stress is experienced close to the interface of the two cells. 
Consequently, the average shear stress of the front and back positioned cells was 
determined to be 44.4, and 41.7 dyn/cm
2
, respectively – both are similar in 
magnitude to the Reference Shear (Figure 4.3b). 
Similar patterns were observed for the case of triple cells patterned parallel to 
flow, as presented in Figure 4.3a(iii). Interestingly, our simulations revealed that the 
middle cell experiences less shear compared to the front and back cells. This was 
attributed to the local distribution of flow velocity around a chain of cells, implying 
that the middle cell is located in the ‘shadow’ of the first and last cells within the 
chain. The average shear stress levels experienced by the front and back positioned 
cells were calculated as 45.2 and 42.3 dyn/cm
2
, respectively - both of which are 
similar to the Reference Shear. In contrast, the average shear over the middle cell 
was determined to be 31.7 dyn/cm
2 
- which is 0.8 times the magnitude of the 
Reference Shear (Figure 4.3b).  
For the case of double cells patterned normal to flow, as presented in  
Figure 4.3a(iv), the extent of the maximum shear stress regions is comparable to that 
of single cell. However, the shear stress reduced along the interface of the two 
adjacent cells, which can be readily observed in the back cell in Figure 4.3a(iv). As a 
result, an average shear stress level of 48 dyn/cm
2
 was determined for both cells - 
which is 1.1 times the magnitude of the Reference Shear (Figure 4.3b).  
Similar patterns were observed for case of triple cells patterned normal to flow  
(Figure 4.3a(v)). Low shear stress regions were observed along the interfaces of 
adjacent cells. The middle cell experiences a lower shear stress compared to the left 
and right cells; as evidenced by the extent of the red regions. This was attributed to 
the changes in the local distribution of the flow, as the flow tries to divert the cell 
cluster. Accordingly, an average shear stress level of 47.7 dyn/cm
2
 was determined 
for the left and right cells - which is 1.1 times the magnitude of the reference shear. 
In comparison, the middle cell experiences an average shear stress of 35.6 dyn/cm
2
; 
which is 0.9 times the magnitude of the Reference Shear (Figure 4.3b). 
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Figure 4.3| Contours of shear stress exerted over a different cluster configurations of immobilised 
HEK-293 cells, obtained through numerical stimulations. (a) The presented results display the shear 
stress experienced for a single cell, are double and triple cells, patterned parallel and normal to the 
direction of flow for a flow rate of 120 µl/min. (b) The values of average shear stress exerted on cells 
in different configurations. F and B, are used to denote the front and back positioned cell, and L, M, 
and R, are used to denote the left, middle, and right positioned cells. 
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To further investigate the variations of shear stress over immobilised cell clusters, we 
simulated an extended cluster of 14 cells, containing two rows with seven cells in 
each row (Figure 4.4a). This cluster provides a more detailed insight into the shear 
stress experienced by cells immobilised on the platform; due to the fact that multiple 
rows of cells of various widths form on the substrate, when using Dielectrophoresis 
to immobilise the cells. 
Our simulations indicated that the top surface of all the cells experience the 
highest shear stress, which is similar to the case of ‘single cell’ presented in  
Figure 4.3a(i). However, the extent of the maximum shear stress regions (indicated 
in red on the simulated cells) varies amongst different cells within the cluster; as 
observed in the prior analysis of single cell, double, and triple cells, in both parallel 
and normal configurations (Figure 4.3). The prior analysis provided an insight into 
these variances, as follows. (1) In general, the shear stress is minimal along the 
interface of adjacent cells, and cell surface regions close to the substrate (as can be 
identified by coverage of the blue regions). (2) Cells located at the ends of the rows 
(designated with numbers 1 and 7) experienced higher shear compared to cells 
located in the middle of the row. (3) Cells located in the back row experienced a 
lower shear compared to the cells located within the front row. Such variations 
influence the average shear stress exerted on different cells within the cluster, as 
compared in Figure 4.4b. The cells located at the ends of the rows experience an 
average shear stress ranging from 38.5 to 42.1 dyn/cm
2
, which is comparable to the 
Reference Shear. In contrast, cells located in the middle of the rows experience an 
average shear stress ranging from 25.9 to 30.2 dyn/cm
2
, which is 0.6 to 0.7 times the 
magnitude of the Reference Shear. The overall average shear stress of the cell cluster 
was determined to be 31.7 dyn/cm
2
, which is 0.8 times the magnitude of the 
Reference Shear. Similar trends were obtained when the second row of cells is 
patterned with a lateral offset with respect to the first row, (see Appendix B.7). 
Interestingly, in this case the average shear stress is five to eight percent higher 
compared to the case of no offset, which was explored above. Thus, we use the 
Reference Shear as a sufficient approximation of the shear stress experienced by 
immobilised cells within the microchannel; primarily due to the variability of the 
configuration of the patterned cell clusters when immobilising cells using 
Dielectrophoresis.  
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Figure 4.4| Contours of shear stress for an extended cluster of HEK-293 cells. (a) Contours of shear 
stress exerted over a cluster of immobilised HEK-293 cells, obtained through numerical stimulations 
when a flow rate of 120 µl/min is applied through the microchannel. (b) The values of average shear 
stress exerted on different cells within the cluster. F and B, are used to denote the front and back row 
of the cluster, respectively; in addition, 1 to 7 are used to denote the location of the cell in the row 
from left to right. 
In brief, concurrent chemical and shear stress stimulation was achieved by firstly 
carrying out Discontinuous Dielectrophoresis (Figure 4.1a), then concurrently 
applying the desired chemical, (agonist, GSK1016790A) to the microfluidic platform 
as the flow rate was increased (Figure 4.1b(iii)). Discontinuous Dielectrophoresis 
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enabled the immobilised cell clusters to withstand high levels of shear stress with a 
trapping efficiency greater than 90% at a flow rate of 180 µl/min [39]. The trapping 
efficiency was not influenced by the presence of GSK1016790A. The shear stress 
simulation analysis presented in the preceding section provided an insight into the 
shear stress experienced by HEK-293 cells immobilised within the microfluidic 
channel. Taking note the level of shear stress experienced on the cells is denoted with 
the Reference Shear, as previously explained why using the reference shear is a 
suitable approximation for the shear stress experienced by the immobilised cells. 
This section examines the characteristics of HEK-293-TRPV4 intracellular calcium 
levels in response to shear stress, in both the absence and presence of chemical 
stimulation.  
To examine the intracellular calcium signalling of HEK-293-TRPV4 under 
concurrent shear stress and chemical stimuli, we conducted experiments at three 
different flow rates of 2.5, 30, and 120 µl/min, corresponding to Reference Shear 
values of 0.875, 10.5, and 42 dyn/cm
2
. Experiments were conducted using the 
experimental procedure outlined in Figure 4.1b(iii) for cells suspended in HBS (see 
Appendix B.6 for velocity and shear stress profiles) . At each Reference Shear we 
examined three different concentrations of GSK1016790A, being 0.0 (control, no 
GSK1016790A), 3.125, and 12.5 nM. Concurrent shear stress and GSK1016790A 
induced calcium influx was quantified by measuring the changes in the intensity of 
the Fluo-4AM, normalised to the basal level over the experimental duration of 900s; 
with stimulus being applied at 60 s, as presented in Figure 4.5a-c (see Appendix B.8 
for experimental fluorescent images) . In order to understand the influence of these 
stimuli on the characteristics of calcium influx, we compared four parameters 
(Figure 4.5d), the (i) cellular response time; (ii) peak response time; (iii) maximum 
fold increase of [Ca
2+
]i, pharmacological efficacy; and, (iv) percentage of activated 
cells. Viability was determined to be 98 ± 1% across the experiments; with no 
significant difference observed at different chemical concentration and shear stress 
levels (Appendix B.6). 
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Figure 4.5| Intracellular calcium signalling response of HEK-293-TRPV4 cells under concurrent 
shear stress and GSK1016790A stimulation. (a-c) Normalised intensity profiles at different 
concentrations of GSK1016790A (control (0.0 nM), 3.125 nM, and 12.5 nM, respectively), obtained 
at the Reference Shear values of: (i) 0.875, (ii) 12.5, and (iii) 42 dyn/cm
2 
(See Appendix B.6 for 
experimental fluorescent images). (d) Comparing the response characteristics  
(i) cellular and (ii) peak response times, and (iii) pharmacological efficacy of cells under different 
shear stress levels. Data are presented as the mean ± SEM, *P<0.05, **P<0.01, ***P<0.001 and 
****P<0.0001.  
A reduction in the cellular response time was observed with an increase in shear 
stress regardless of the concentration of GSK1016790A. For example, in presence of 
3.125 nM GSK1016790A, increasing shear stress from 0.875 to 10.5 dyn/cm
2
 
reduced the cellular response time by 35 ± 19 s (P<0.001, N=4). Furthermore, no 
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general trend was observed in the peak response time, with an increase of shear 
stress. However, with an increase in GSK1016790A at each shear stress level, a 
reduction in the peak response time was observed. For example, increasing the 
concentration of GSK1016790A from 3.125 to 12.5 nM reduced the peak response 
time by 194 ± 27 s (P<0.01, N=4) at the shear stress level of 0.875 dyn/cm
2
. 
Additionally, we observed an increase in the pharmacological efficacy, when a higher 
shear stress was applied, regardless of the concentration of GSK1016790A. For 
example, in presence of 3.125 nM GSK1016790A, an increase of shear from 0.875 to 
10.5 dyn/cm
2
 increased the [Ca
2+
]i by 1.28 ± 0.17 fold (P>0.001, N=4); or in 
presence of 12.5 nM GSK1016790A, an increase of shear from 10.5 to 42 dyn/cm
2
 
increased the [Ca
2+
]i by 0.7 ± 0.2 fold (P>0.001, N=4). With an increase in shear 
stress, in the presence of GSK1016790A, no clear influence in the percentage of 
activated cells was observed; potentially due to the calcium response becoming 
saturated. However, in the absence of GSK1016790A, elevating the shear stress level 
from 10.5 to 42 dyn/cm
2
 increased the percentage of activated cells by 59 ± 1% fold 
(N=4).  
Our experiments indicated that the GSK1016790A induced calcium signalling of 
cells can be greatly affected by the shear stress. We observed similar responses for 
vascular endothelial cells, due to an increase in plasma membrane density of TRPV4 
channels. The data presented here is consistent with our previous discovery, that 
shear stress induces exocytosis of functional TRPV4 channels, to the plasma 
membrane of vascular endothelial cells to sensitise TRPV4 [53]. Consequently, 
confirming that Discontinuous Dielectrophoresis did not prevent the functional 
properties of cell responses, to chemical and mechanical activators of TRPV4.  
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Here, we have demonstrated through experiments and statistical analysis the effect of 
mechanical stimulation on agonist activation in HEK-293-TRPV4 cells. The 
immobilisation of the loosely adherent cells was achieved through the use of the 
Discontinuous Dielectrophoresis procedure; which enabled high shear stress analysis 
to be undertaken. Concurrently we stimulated cells with the TRPV4-selective agonist 
GSK1016790A and shear stress. Experiments were conducted at different agonist 
concentrations and shear stress levels (through applying an appropriate flow rate). 
Taking note that high shear stress of 42 dyn/cm
2 
was achieved in the presence of 
chemicals (GSK1016790A) with the loosely adherent cells (HEK-293-TRPV4) 
remaining immobilised to the glass substrate of the platform. 
Our experiments revealed that the calcium signalling of cells is influenced by the 
buffer, as observed through comparing cellular and peak response times, percentage 
of activated cells, for cells suspended in HEPES and LEC buffers. Additionally our 
experiments revealed that shear stress sensitises GSK1016790A-evoked intracellular 
calcium signalling of cells in a shear-stimulus dependent manner; thus, suggesting 
that the role of TRPV4 may be underestimated in endothelial cells, which experience 
high levels of shear stress. 
The microfluidic system described facilitated the investigation of intracellular 
calcium signalling of cells that do not attach well to surfaces, or, which are normally 
grown in suspension. Experiments can be conducted under various combinations of 
concurrent chemical and physical stimuli, with an emphasis of high shear stress 
stimulation. Additionally, the microfluidic platform enables dynamic control, such 
that the concentration or even composition of chemicals can be modified on demand, 
or, that the shear stress can be changed dynamically to mimic physiological 
conditions. 
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Microfluidic platforms enable the investigation into a range of chemical and physical 
gradients on single or multiple cells to be examined, with monitoring undertaken in real-
time. Research into chemical gradients has been more prevalent in literature; however, 
with the interest in mechanotransduction, research investigating the influence of physical 
gradients, such as shear stress, are appearing. Shear stress studies, to date have been 
focused on using parallel plate flow chambers, or shear stress gradients spanning the 
length of the microchannel. In this paper, we investigate the influence of spatial shear 
stress gradient, and the potential role this can play in the intracellular calcium signalling 
of HEK-293-TRPV4 cells. A specifically designed Trapezoid microchannel was 
designed to produce a spatial shear stress gradient, spanning the width of the 
microchannel. Furthermore, we expand on the idea that under pathological and 
physiological conditions that shear stress has many levels of complexity, by 
investigating temporal shear stress on the same microfluidic platform. Results indicated 
that temporal shear stress in the form of pulsatile shear stress influences the intracellular 
calcium signalling responses, with slower cellular and peak response times compared to 
times measured for a spatial shear stress gradient. Our experiments highlight the 
importance of considering the nature of shear stress under physiological and pathological 
conditions – with microfluidic platforms providing a platform to do so. 
Keywords: Microfluidics, Spatial Shear Stress, Temporal Shear Stress, 
Discontinuous Dielectrophoresis, Intracellular Calcium Signalling, HEK-293. 
Spatial Shear Stress Gradients 
 
110 
 
Microfluidic-based solutions provide a platform for the investigation of physiological 
and pathological conditions, and the role they play [1-4]. Researchers have 
demonstrated the potential of microfluidic platforms in these areas, from single cells 
analysis to tissues/organs- on chip [4-9]. Microfluidic platforms offer an alternative 
platform for biological analysis compared to those readily available to them 
currently, advantages that come with microfluidics, include an increased diversity in 
achievable experimental conditions, better control of the extracellular environment, 
reduced reagent volumes, decreased necessary sample size, and high-throughput  
[1, 5, 10-13]. 
In this paper, we present a microfluidic platform, for the study of mechanical and 
biochemical responses of non-/loosely adherent cells to a spatial shear stress 
gradient. With interest growing in mechanotransduction, microfluidic platforms are 
being utilised to measure the response of cells to mechanical stimulus from their 
microenvironments, such as shear stress [5, 13-15]. Mechanotransduction is of 
interest, as cells within the human body experience mechanical stimulus for example: 
endothelial cells, experience constant shear stress from blood flow; muscle and 
epithelial cells, experience stretch forces; and joints and cartilage experience 
gravitational forces [16, 17]. The cellular response to mechanical stimulus is crucial 
for cellular homeostasis and function and influences a range of cellular functions, for 
instance, proliferation, differentiation, and migration [18, 19]. Mechanosensitive ion 
channels, are a group of mechanoreceptors expressed on the plasma membrane of 
different cell types. Mechanotransduction through these channels plays an important 
role in maintaining cellular homeostasis and function [20]. Additionally, 
abnormalities in the functioning of mechanosensitive channels can result in health 
related issues, such as polycystic kidney, neuronal, muscular degeneration, and 
cardiac diseases [21, 22]. 
Mechanical stimulation comes in various forms, such as shear stress, tensile stress 
(stretch and strain), cell compression, and gravitational forces; various microfluidic 
platforms have been designed to replicate the natural situation [12, 13, 23-25]. The 
influence of shear stress is of interest, as cells are exposed to shear stress in their 
microenvironments which vary in complexity [26-29]. Commonly used shear devices 
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include cone and plate apparatus as well as parallel-plate chambers. There devices 
however, enable only one shear stress to be applied throughout an experiment  
[30-32]. Microfluidic platforms, offer an alternative to these devices, as they offer 
control and variability of the microenvironment, whether it be temporal, spatial, or 
chemical/drug investigation [12, 32-37]. Examples of microfluidic platforms which 
investigate the influence of shear stress on biological responses, include: (1) singular 
shear stress, in which one shear stress level is present throughout the channel, and is 
produced using a straight channel. For instance, these platforms include a singular 
straight channel or multi-channel devices with channels of varying widths to produce 
discrete levels of shear stress [30, 32, 36, 38-41]. However, flow in the human body 
is more complicated than a singular shear stress, which provides a need for more 
complicated shear stress profiles to be investigated. (2) Spatially resolved shear 
stress gradient, examples of these devices include: contracting-expanding 
geometries, tapered microfluidic channels, and utilising a Braille display, to generate 
shear levels capable of fluid mechanical regulation [1, 33, 42-45]. The vast majority 
of these devices, can be limited in the shear stress range (or ratio) that can be 
investigated in one experiment; furthermore, cells experiencing different shear stress 
levels are often in different segments of the channel which are unable to be 
simultaneously observed through microscopy techniques. More complicated 
microfluidic platforms encompass intersecting channels, that influence the flow 
profile over time, or flexible membranes, which are commonly used in organ-on-chip 
studies, with flow being applied in a pulsatile like manner or the channel being 
contracted and expanded over time [12, 46-48]. These platforms tend to be more 
focused on replicating and examining complicated functioning, such as organ-on-
chip or interstitial-like flow which replicate living organs as closely as possible.  
We present and characterise a specifically designed Trapezoid microchannel, to 
produce a spatial shear stress gradient, whilst taking advantages of microfluidics, 
such as small reagent/cell volumes. Such a design might be seen to be similar to that 
of a tapered channel [1], however, such a designed was deemed unsuitable for 
investigating non-/loosely adherent cells. This was due to limitations in available 
immobilisation techniques, such as surface coating, which does not enable high shear 
stress analysis to be undertaken, as cells often detach under high levels of shear 
stress, which resulted in Discontinuous Dielectrophoresis being the technique of 
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choice [13, 38]. Discontinuous Dielectrophoresis, an approach developed by our 
group for enable high shear stress analysis of non-/loosely adherent cells, requires 
microelectrodes to produce an electric field. The interdigital microelectrodes were 
required to be perpendicular to the flow profile to ensure a uniform distribution of 
cells over the entire spatial shear stress gradient, which resulted in a lateral 
trapezoidal design spanning the width of the microchannel. Warkiani and his 
research group, introduced the concept of a trapezoidal microchannel, where they 
used a slanted spiral microchannel for the microfiltration of blood plasma and 
isolation of circulating tumour cells [49, 50]. Here, in contrast we use the concept of 
a trapezoid microchannel for producing a spatial shear stress gradient, to facilitate 
physiological investigations – we demonstrate this for intracellular calcium 
signalling of HEK-293-TRPV4 cells. Furthermore, the trapezoid microchannel 
offered the ability to figuratively separate the microchannel into four regions, to 
enable a shear stress comparison to be undertaken concurrently, at four shear stress 
ratios. To demonstrate the efficacy of our microfluidic platform, we investigated the 
intracellular calcium signalling response of HEK-293-TRPV4 to spatial shear stress 
gradients using Calcium sensitive dye, Fluo-4AM [43]. Additionally, we conducted a 
dynamic analysis by applying temporal shear stress in a pulsatile like manner, to 
observe this influence on intracellular calcium signalling. Our results, presented in 
this paper, revealed that spatial shear stress gradients sensitise the response of 
TRPV4 channels to shear stress – as was observed by examining the normalised 
intensity profiles. 
This paper is structured as follows: in the Materials and Methods section, we 
discuss cell preparation, data analysis, device fabrication, numerical simulations, and 
an outline of the Discontinuous Dielectrophoresis procedure. In the Results and 
Discussion section, we discuss elements of the Trapezoid microchannel and 
subsequent simulations, and experimental results pertaining to the investigation of 
the intracellular calcium signalling response to spatial shear stress gradients, 
including results for temporal shear stress, with appropriate discussions. 
5.2 Materials and Methods 
 
113 
 
HEK-293 T-REx (Life Sciences) cell lines stably expressing human TRPV4 
(Transient Receptor Potential Vaniloid type 4) were produced as reported elsewhere 
[51]. For each experiment, cells were grown in tetracycline-free DMEM media 
supplemented with 10% FBS, blasticidin (5 µg/ml) and hygromycin (50 µg/ml). 
Secondly, TRP channels expression was induced using 0.1 µg/ml of tetracycline for 
four hours before each experiment. For a negative control non-transfected HEK-293 
T-REx cells were used.  
To enable dielectrophoretic immobilisation, cells were diluted in a low electrical 
conductivity (LEC) buffer; such that 20 µl of loaded cells were suspended into  
1000 µl of LEC comprising of 8.5% w/v sucrose and 0.3% dextrose in deionised 
water – taking care to minimise pre-exposure of cells to shear stress when mixing.  
The intracellular calcium level ([Ca
2+
]i), is meticulously controlled by: efflux from 
the cell through ion transporters, sequestration in intracellular compartments, 
buffering high affinity cytosolic Calcium-binding proteins, and influx through 
regulated ion channels [52]. The Calcium ion (Ca
2+
) is a versatile and potent 
intracellular messenger, which regulates a wide range of spatial and temporal cellular 
signals. The TRPV4 is a mechanosensitive ion channel expressed in vascular 
endothelial cells - such cells experience shear stress from blood flow. TRPV4 is a 
non-selective, Ca
2+
 permeable, cation channel, which responds to various 
environmental stimuli and plays important roles in cellular processes, for instance, 
mechano-, thermo-, and osmo- sensation [22, 53].  
To determine the intracellular calcium level, the light intensity of Fluo-4AM 
stained cells was measured, through previously explained processes [43]. Biological 
analysis was undertaken in HEPES buffered saline (HBS) containing 140 mmol/l 
NaCl, 5 mmol/l KCl, 10 mmol/l HEPES, 11 mmol/l D-glucose, 1 mmol/l MgCl2,  
2 mmol/l CaCl2, and 2 mmol/l probenecid, adjusted to pH = 7.4 [54]. At the 
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completion of each experiment, the viability of cells were verified on chip, using 
propidium iodide (PI) stain (10 µg/ml); with the non-viable cells excluded from 
analysis of intracellular results. 
Using NIS element viewer in-built functions (Nikon Instruments), fluorescent 
intensity was obtained by analysing areas by defining regions of interest 
encapsulating single cells. Selected regions of interests (ROIs) were defined and 
measured to quantify changes in the average intensity of [Ca
2+
]i, with the results are 
reported as a ratio of F1/F0. For analysis, activation was defined as an increase in the 
summed fluorescent signal, from test groups which exceeded three standard 
deviations from the mean of the control. Results are presented as mean ± SEM 
(standard error mean). For statistical analysis, student t test or ANOVA was 
performed using the Graph pad prism software, in addition, P value of less than 0.05 
were considered significant (*P<0.05, **P<0.01, ***P<0.001, and ****P<0.0001). 
Indium tin oxide (ITO) coated glass slides (Sigma Aldrich), with a surface resistivity 
of 8 to 12 Ω/sq were used as a base substrate, to produce the ITO microelectrodes. 
An interdigital microelectrode configuration was utilised to maximise the 
immobilised cell population, such that the width of the microelectrode fingers and 
spacing between the fingers were 40 µm, with the fingers of the two electrodes 
overlapping by 1180 µm to produce the active field. The microelectrodes were 
patterned using standard photolithography techniques, and then etched using 
adaptations of previously reported processes for etching ITO microelectrodes [38, 
55, 56]. The microelectrodes were etched using concentrated Hydrochloric acid 
(HCl) at room temperature, for 11 minutes. To ensure that the microelectrodes were 
correctly etched, a continuity test was undertaken at the completion of etching, for 
every substrate/microelectrodes etched.  
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To produce a lateral shear stress gradient, several simulations were carried out to 
determine a suitable trapezoid microchannel design. The short sidewall, long 
sidewall, and channel width were set to 15, 150, and 300 µm, respectively. The 
design and simulation results for the microchannel are described in the Results and 
Discussion section in further detail. The mold master was fabricated using direct 
laser fabrication and the Polydimethylsiloxane (PDMS) microfluidic channel was 
produced using standard soft replica molding techniques [57]. 
To produce the mold master a 3D (three-dimensional) femtosecond direct laser 
writing technique, which is also known as two photon polymerisation (Photonic 
Professional GT, Nanoscribe) was employed - which enables the fabrication of 
nearly arbitrary 3D structures in suitable photoresists [58, 59]. The laser used for this 
process had a repetition rate of 80 MHz, which allows for fast scanning speeds and 
an average power of less than 180 mW. The centre wavelength (λ = 780 nm) of the 
laser light pulses (tP approximately 100 fs) lies well below the absorption edge of the 
photoresist; however, by tightly focusing the laser pulses, the intensity in the focal 
spot is high enough to expose the photoresist by multi-photon absorption, which is a 
nonlinear optical effect. Due to the scale of the microchannel, and limitations of the 
Nanoscribe laser scanning volume of 300 µm by 300 µm by 300 µm in the X, Y, and 
Z direction, a stage movement stitching technique was invoked using the Nanoscribe. 
Such that the laser would move to the new area, with a partial overlap between the 
consecutive exposures; the structures were then stitched together, with a stitching 
error of 1 µm.  
For the fabrication of the microchannel, we used the IP-PH photoresist 
(Microchip), which was applied to a Silicon wafer substrate. After the 3D exposure 
with the direct laser writing technique, the unexposed photoresist was then developed 
by immersing the mold master in PGMEA (Propylene Glycol Monomethyl Ether 
Acetate, Dow Chemical Company), a chemical developer, revealing the trapezoid 
microchannel. This process was selected above other fabrication techniques, due to 
the rapid fabrication process of the mold master, from design to prototype; in 
addition, minimal limitations in terms of resolution, especially in the case of the 
incline of the top of the microfluidic channel between the short and long sidewalls of 
the micro channel.  
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To determine the flow induced shear stress within the trapezoid microfluidic channel, 
Computational Fluid Dynamic techniques were used. For a flow rate of 60 µl/min, 
the highest flow rate we used throughout experiments has a corresponding Reynolds 
number of approximately five, indicating that the flow was inherently laminar. 
Furthermore, the buffer media was considered as a Newtonian fluid. Navier-Stokes 
equations were solved using ANSYS Fluent 6.3 software package (Canonsburg, PA, 
USA), and the pressure-velocity terms were coupled using the SIMPLE algorithm. 
For discretization of convection terms, the Second-Order Upwind Scheme was used. 
Boundary conditions that were considered for simulation, included, an ambient 
pressure at the inlet (due to presence of a large inlet reservoir), and the application of 
desired flow rates at the outlet (as the buffer was withdrawn from the outlet). In 
addition, the surface of glass substrate, microchannel, and immobilised cells were 
considered as rigid walls with no-slip boundary condition applied. All simulations 
were undertaken in three-dimensions, in both the absence and presence of 
immobilised cells, as further detailed in Spatial Shear Stress Gradient: Simulation 
Analysis section. 
Discontinuous Dielectrophoresis is a procedure for immobilising loosely adherent 
cells on a glass substrate to withstand high levels of shear stress, within a 
microfluidic platform [60]. Discontinuous Dielectrophoresis has enabled us 
previously to investigate the intracellular calcium response of HEK-293-TRPV4 cells 
to planar high shear stress, and concurrent chemical and shear stress stimulation  
[14, 38, 60]. In summary, cells were applied to the microfluidic platform at a flow 
rate of 1.5 µl/min, producing a maximum shear stress of 0.87 dyn/cm
2
. Once the cells 
were flowing over the microelectrodes (aligned to be perpendicular to the length of 
the microchannel, the microelectrodes), the electric field was activated to immobilise 
the cells along the microelectrodes; activation was achieved by applying an 
alternating-current sinusoidal signal operating at 10 MHz, 5 Vpk-pk. After a duration 
of 120 s, the electric field was deactivated; consequently, enabling a suitable 
population of cells to be immobilised for analysis. In turn, the LEC buffer was 
exchanged for HBS. The HBS was then washed through the microfluidic platform 
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for ten minutes, to allow the cells to equilibrate. We have previously explained our 
procedure of Discontinuous Dielectrophoresis, in detail in ‘Analysing the calcium 
signalling of cells under high shear flows using discontinuous dielectrophoresis,’ 
using HEK-293-TRPV4 cells [38]. 
 
Figure 5.1| Microfluidic Platform used to Investigate Spatial Shear Stress Gradients. (a) Photograph 
of the assembled microfluidic platform; (b) Schematic representation of the microfluidic platform, 
emphasizing the trapezoid microfluidic channel and the immobilisation of cells; and (c) Overview of 
the (i) device setup, (ii) ITO microelectrode dimensions, and (iii) trapezoid microchannel  
cross-section photograph. 
To examine the influence of spatial shear stress gradients on intracellular calcium 
signalling of non-/loosely adherent cells, we took advantage of Discontinuous 
Dielectrophoresis (Figure 5.1). Discontinuous Dielectrophoresis, is an approach 
developed by our group, for immobilising loosely adherent cells, such as HEK-293 
cells to withstand high levels of shear stress. Discontinuous Dielectrophoresis has 
enabled a trapping efficiency greater than 90%, at a (single) high shear stress level of 
63 dyn/cm
2
 for HEK-293 cells and has minimal effects on cell viability (greater than 
90%) [38]. The microfluidic platform comprises of interdigital Indium Tin Oxide 
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(ITO) microelectrodes, and a specifically designed trapezoid microchannel. The ITO 
microelectrodes, did not affect the trapping efficiency of cells (Figure 5.1c(ii)). 
Figure 5.1c(iii) displays a photograph of the trapezoid microchannel, designed to 
produce the spatial shear stress gradient We have previously reported results of the 
response of HEK-293-TRPV4 cells to a singular shear stress level (present 
throughout the entire straight microchannel) [38]; we now expand on these results 
and report the response of HEK-293-TRPV4 cells to spatial shear stress gradient. 
The trapezoid microchannel was designed to produce a lateral shear stress gradient, 
along the width of the channel, such that cells across the channel would experience 
different shear stress levels (Figure 5.2). The trapezoid microchannel essentially 
plays on the idea of the ‘path of least resistance’ in which flow will have a higher 
velocity and subsequently higher levels of shear stress, in the least constricted region. 
The ability to produce a spatial shear stress gradient is of importance for gaining a 
better understanding of the behaviour of cells, which are subjected to shear stress in 
their microenvironments that vary in complexity [26]. For ease, we classify shear 
stress profiles, in reference to the lateral cross-section, as: (1) singular shear stress, 
which occurs in a straight microchannel with a singular level of shear stress present 
throughout the channel. (2) A spatial shear stress gradient, in which the shear stress 
varies spatially throughout/across the channel in some form or another. The trapezoid 
channel produces a spatial shear stress gradient across the width of the microchannel.  
An extensive numerical analysis was carried out, to observe the shear stress 
profile across the trapezoid microchannel, in the event no cells are present, for 
different combinations of channel width and sidewall heights (Appendix C.1). In 
conclusion of this analysis, the microchannel width was set to 300 µm, with sidewall 
heights of 15 and 150 µm (Figure 5.2a) - with resulting shear stress profile and 
velocity contours presented in Figure 5.2b and Figure 5.2c, respectively (for an 
applied flow rate of 60 µl/min). The main contributing factors for the selected 
channel dimensions were, as follows: (1) the short sidewall height needed to consider 
the diameter of the HEK-293 cell, which is 15 µm. (2) The long sidewall height, 
needed to produce the highest shear stress range across the immobilised cells located 
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on the glass substrate whilst minimising the height of the long sidewall. (3) The 
channel width was selected to achieve the highest shear stress range across the width 
of the channel along the glass substrate, whilst ensuring to minimise the width of the 
microchannel to limit the fabrication time of the microchannel mold master – which 
was completed on the Nanoscribe. 
For analysis purposes, the microchannel is designated into four different regions 
across the width of the microchannel, as can be observed in Figure 5.2b. The regions 
were designated 1 to 4 and to produce different shear stress levels for comparison, 
with average shear stress ratios of 1, 2, 2.9, 3.5, respectively, as can be observed for a 
flow rate of 60 µl/min. The resulting designated regions spanned the following areas: 
5 to 50, 60 to 110, 120 to 160, 180 to 240 µm, with the origin centred at the left 
(short) sidewall, corresponding to Regions 1 to 4, respectively. Initially, the 
microfluidic platform was assembled and the Discontinuous Dielectrophoresis 
procedure was tested in the presence of the spatial shear stress gradient, by 
examining the trapping efficiency (Figure 5.2d). Trapping efficiency was 
determined by examining the remaining cells in comparison to those initially 
immobilised, with the flow rate increased in steps every 300 s (to a flow rate of  
100 µl/min). A trapping efficiency of 73% in Region 4 was observed at a shear stress 
of 58 dyn/cm
2
. In comparison to the case of singular shear stress, which resulted in a 
trapping efficiency greater than 90% for a shear stress of 63 dyn/cm
2
, as previously 
reported [38]. We conjectured this difference was attributed to a different behaviour 
of CAMs (Cell Adhesive Molecules) under spatial shear stress gradient, in 
comparison to a singular shear stress. However, for investigating the spatial shear 
stress gradient on intracellular calcium signalling of HEK-293-TRPV4, the 
maximum shear stress experienced on the platform was limited to 35 dyn/cm
2
, to 
ensure that the trapping efficiency remained around 90%. Figure 5.2e, provides an 
experimental spatial shear stress gradient application, using the trapezoid 
microchannel platform, for the investigation of intracellular calcium signalling of 
HEK-293-TRPV4 cells to a spatial shear stress gradient. To ensure the trapezoid 
microchannel in fact produces a spatial shear stress gradient in the presence of cells, 
a further analysis was carried out, using shear stress contours, as explained in the 
subsequent section.  
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Figure 5.2| Trapezoid Microchannel Overview. (a) Dimensioned trapezoid microchannel with 
designated Regions 1 to 4. (b) Shear stress profile across the trapezoid microchannel for a flow rate of 
60 µl/min. Taking note, four regions were defined Regions 1 to 4, which correspond to the shear stress 
ratios of 1, 2, 2.9, and 3.5, respectively. (c) Contours of velocity magnitude for a flow rate of  
60 µl/min. (d) Trapping efficiency, with the applied flow rate increased every 300 s, up to 100 µl/min. 
(e) Spatial shear stress gradient experimental procedure, displayed for investigating the intracellular 
calcium signalling response of HEK-293-TPV4 cells. 
To determine the characteristic influence of the spatial shear stress gradient on the 
cells during the application of high levels of shear stress, simulations were 
conducted, for immobilised cells located within the trapezoid microchannel  
(Figure 5.3). Several aspects of the Discontinuous Dielectrophoresis procedure and 
the application of high levels of shear stress on HEK-293 cells were considered when 
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conducting the simulations, as follows: (1) Discontinuous Dielectrophoresis does not 
influence the shape of the cell, both during and after immobilisation of the cells, due 
to a short period the cells are exposed to the electric field. (2) The application of the 
electric field does not influence the behaviour of either the cells or liquid flow, 
during the application of high levels of shear stress, as the electric field remains 
inactive; thus negating effects such as cell deformation and formation of secondary 
flows, for example electro-thermal vortices, due to Joule heating effects.  
(3) Although, the immobilised cells influence the spatial distribution of flow, for 
example, the velocity gradient and flow velocity in the vicinity of the cells. 
Consequently, this influences the magnitude of flow-induced shear stress imposed on 
the cell, compared to the maximum shear stress experienced on a flat surface in a cell 
free environment – such a shear stress is denoted as the Reference Shear. Due to 
analysis purposes four regions have been defined, when describing the Reference 
Shear for a region, this implies the average Reference Shear experienced over the 
entire region. Furthermore, the term Base Reference Shear implies the Reference 
Shear experienced in Region one – the other regions can be determined by the 
aforementioned ratios of 2, 2.9, and 3.5, for Regions 2 to 4, respectively. In 
simulations, an applied flow rate of 60 µl/min was used (the highest flow rate used 
during calcium signalling experiments), which corresponds to a Base Reference 
Shear of 10 dyn/cm
2
. (4) The cell volume was preserved accordingly to account for 
contact with the glass substrate and the presence of adjacent cells when applicable 
[14]. Configurations we investigated included, five independent equidistant 
immobilised cells spanning the width of the microchannel and an immobilised cell 
cluster containing nine cells located in Region 4.  
In the case of five (independent) equidistant immobilised cells spanning the width 
of the microchannel (Figure 5.3a(i)), the extent of the maximum shear region 
(indicated in red) on the top surface of the cells increases from Cell 1 to 4, which are 
located in Regions 1 to 4, respectively. Cell 5 experiences a higher shear stress than 
Cell 3, due to the steeper shear stress gradient experienced over the entire cell. 
Furthermore, for all five cells low shear regions are experienced along the cell 
surface in close proximity to the glass substrate. As can also be observed in the 
spatial distribution of shear stress over the cell surface (Appendix C.2), especially 
for Cells 1 to 3, the presence of the spatial shear stress gradient is more apparent. 
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Consequently, the average shear stress experienced over Cells 1 to 5 is higher than 
the Reference Shear (purple line) at that location in the microchannel Figure 5.3b(i) 
– which on average is approximately 1.47 times higher. The results are consistent 
with our previously reported findings for the case of a single cell, located on the 
substrate in the centre of a straight microchannel producing singular shear stress, 
which was 1.4 times the magnitude of the relative Reference Shear [14]. 
Further simulations were conducted for the case of an immobilised cell cluster 
containing nine cells located in Region 4 (Figure 5.3a(ii)), the more applicable case 
when using Dielectrophoresis to immobilise cells; where often cells are immobilised 
in row-like arrangements along the interdigital microelectrodes, consequently 
forming cell clusters of various depth and width. The cells experienced maximum 
shear stress along their top surface, whilst minimum shear stress was experienced at 
interfaces with adjacent cells and the glass substrate. Which was consistent with our 
previously reported simulation results, for a cell cluster experiencing a singular shear 
stress - cells located at the end of a cluster experience the highest shear compared to 
cells located within the middle of the row [14].These variations influence the average 
shear stress experienced on each of the cells located within the cluster. Of note that 
the average shear stress experienced by cells positioned in a cluster are suitably 
approximated by the Reference Shear (purple line) Figure 5.3b(ii) – which on 
average is approximately 1.02 times higher. The results indicate that the Reference 
Shear, is a suitable estimation for the shear experienced by the cells in our 
experiments, as cell clusters are formed during experiments, rather than several 
single cells. 
These contours indicate that the trapezoid microfluidic device is suitable for 
investigating the response of non-adherent cells to a spatial shear stress gradient, at 
different shear stress levels, with the purpose of gaining a better understanding of the 
response of cells subjected to shear stresses that vary in complexity. 
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Figure 5.3| Contours of Shear Stress over Immobilised HEK-293 Cells Obtained via Numerical 
Simulations, Corresponding to an Applied Flow Rate of 60 µl/min. (a) Contours of shear stress, for: 
(i) five equidistant immobilised cells spanning the width of the microchannel, and (ii) an immobilised 
cell cluster containing nine cells located in Region 4. (b) The average shear stress experienced on the 
cell surface, for each of the cells in both the aforementioned configurations. Numbers are designated 
to each of the cells within each of the two configurations, from left to right, are numbered 1 to 5 and 9. 
The purple line in each of the graphs represents Reference Shear experienced at that location in the 
microchannel, in the absence of cells. With the average shear stress for each of the individual cells 
denoted by the black circle. Regions 1 to 4, are coloured as follows: blue, orange, red, and green, 
respectively – Regions 1 to 4 are displayed for (i) from left to right, and Regions 3 and 4 are displayed 
for (ii). Corresponding spatial shear stress graphs are presented in Appendix C.2.  
To examine the influence of a spatial shear stress gradient on intracellular calcium 
signalling of HEK-293-TRPV4 cells (prepared as outlined in the Materials and 
Methods Section), initially the Discontinuous Dielectrophoresis procedure, 
summarised earlier in the manuscript, was carried out. Then experiments observing 
the response of the stimulus, in this case a spatial shear stress gradient, were 
conducted at three different Base Reference Shear stresses, being 0.25, 3.3, and  
10 dyn/cm
2
 – which corresponded to applied flow rates of 1.5, 20, and 60 µl/min, 
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respectively. For ease of analysis, the channel was separated figuratively into four 
regions based on the shear stress level. The resulting designated regions spanned the 
following areas: 5 to 50, 60 to 110, 120 to 160, 180 to 240 µm, with the origin 
centred at the left (short) sidewall, corresponding to Regions 1 to 4, respectively. 
Which resulted in four shear stress ratios of 1, 2, 2.9, and 3.5 for Regions 1 to 4, 
respectively (Figure 5.2). The cell was classified to be located in one of the four 
regions during analysis, if 50% or more of the cell surface was located within the 
region boundaries (as previously defined in the Trapezoid Microchannel Design and 
Simulations section). Additionally, the Calcium influx experienced by the application 
of the spatial shear stress gradient was quantified by measuring changes in the 
intensity of the Fluo-4AM; which was normalised to the basal level, for the entire 
experimental duration of 900 s, with the stimulus being applied at 60 s (Figure 5.4) 
(see Appendix C.3 for experimental fluorescent images). As can be noticed in 
Figure 5.4, cells start to activate prior to the application of the stimulus – time 0 to 
60 s. This activation is attributed to a slight spatial shear stress gradient present 
during the application of the low flow rate, which is required to exchange the LEC 
buffer with the HBS buffer and to flow cells to the location of the microelectrodes 
during the immobilisation process.  
In order to understand the influence of spatial shear stress gradient on the 
characteristics of Calcium influx, we compared four parameters (Figure 5.5):  
(1) maximum fold increase of intracellular calcium level ([Ca
2+
]i); (2) percentage of 
activated cells; and the (3) cellular and (4) peak response times. Viability was  
96 ± 4%; with no significant difference in viability observed between applied shear 
stress and between the four regions (Appendix C.3). Additionally, we measured the 
responses of non-transfected (NT) HEK-293 cells under the highest shear stress of  
35 dyn/cm
2
, which we treated as our negative control (Figure 5.5a); which provided 
a negligible response. 
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Figure 5.4| Intracellular Calcium Signalling Response of HEK-293-TRPV4 Cells under Spatial Shear 
Stress Gradient. (a-d) Normalised single cell intensity profiles for cells located in the one of the four 
designate regions, for three different shear stress values, denoted above each of the graphs. (i-iii) The 
three applied flow rates of 1.5, 20, and 60 µl/min which correspond to Base Reference Shear values of 
0.25, 3.3, and 10 dyn/cm
2
, respectively (see Appendix C.3 for experimental fluorescent images). 
No clear difference was observed between the different applied Base Reference 
Shear, for the maximum fold increase of [Ca
2+
]i, or between each of the regions 
(Figure 5.5b). However, slight differences were observed, for example, between 
Region 3 and 4 for an applied Base Reference Shear of 10 dyn/cm
2
, an increase of 
0.25 ± 0.06 (P>0.01, N=3) was observed for [Ca
2+
]i. For the percentage of activated 
cells, with an increase in the applied Base Reference Shear an increase in the 
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percentage of the activated cells was observed; moreover at a lower Base Reference 
Shear a more significant difference was observed between the regions (Figure 5.5c). 
For example, for an applied Base Reference Shear of 0.25 dyn/cm
2
, the percentage of 
cell activation increased from Region 1 (0.25 dyn/cm
2
) through to Region 4  
(0.87 dyn/cm
2
), by 43 ± 12% (P>0.01, N=3) fold. For both the cellular and peak 
response times, a reduction was observed for Base Reference Shear levels of 0.25 
and 3.3 dyn/cm
2
 across Region 1 to 4; however, for the Base Reference Shear of  
10 dyn/cm
2
 no clear reduction was observed across the regions. For example, for a 
Base Reference Shear of 3.3 dyn/cm
2
, the cellular response time decreased by  
450 ± 66 s, (P<0.0001, N=3), from Region 1 (3.3 dyn/cm
2
) to Region 3  
(9.6 dyn/cm
2
) (Figure 5.5d). Furthermore, for a Base Reference Shear of  
3.3 dyn/cm
2
, the peak response time decreased by 549 ± 53 s, (P<0.0001, N=3), from 
Region 1 (3.3 dyn/cm
2
) to Region 4 (12 dyn/cm
2
) (Figure 5.5e). Of interest is that 
for Regions 3 with a Base Reference Shear of 3.3 dyn/cm
2
, the corresponding 
Reference Shear is 9.6 dym/cm
2
 Figure 5.4c(ii), which is similar to the Base 
Reference Shear of 10 dyn/cm
2
 (corresponding to Region 1, Figure 5.4a(iii)), no 
significant difference in results for any of the four parameters was observed. Thus, 
indicating that a spatial shear stress gradient results achieved using the trapezoid 
microchannel can be compared regardless of the applied flow rate (Base Reference 
Shear) and subsequent region the shear stress range is positioned along the 
microchannel.  
Furthermore, we have previously examined the influence of singular shear stress 
on intracellular calcium response of cells under a singular high shear stress level 
throughout the channel [14]. We compared the singular shear stress results of  
10 dyn/cm
2
, against the spatial shear stress gradient results presented in this paper of 
a similar shear stress level. A spatial shear stress gradient decreased the cellular and 
peak response times by 667 ± 41 s (P<0.0001, N=9) and 622 ± 34 s (P<0.0001, N=9) 
compared to the case of singular shear stress. However, the maximum fold increase 
of [Ca
2+
]i did not improve in the presence of a spatial shear stress gradient, the 
maximum fold increase was 0.24 ± 0.06 (P<0.05, N=9) lower than in the presence of 
a singular shear stress. Consequently this confirms, as other publications have 
alluded to, that the responses are in fact influenced by small variations in the shear 
stress characteristics and microfluidic platforms offer an opportunity to investigate 
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the response of cells to shear stress with varying degrees of complexity [23, 61]. 
 
Figure 5.5| Response Characteristics for HEK-293-TRPV4 Cells Experiencing Spatial Shear Stress 
Gradient. (a) Normalised single cell intensity profiles for non-transfected cells under a shear stress of 
34.8 dyn/cm
2
. Comparison of the response characteristics: (b) maximum fold increase of [Ca
2+
]i; (c) 
percentage of activated cells; and (d) cellular and (e) peak response times. Each characteristic 
compares two different Base Reference Shear Stresses over the four designated region (see Appendix 
C.4 for experimental fluorescent images). Two of the three applied Base Reference Shear are 
displayed for each parameter. Data are presented as the mean ± SEM, *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. 
To extend on the investigation of spatial shear stress gradients, temporal shear stress 
was applied to the immobilised HEK-293-TRPV4 cells, on the trapezoid platform, 
with the intracellular calcium signalling response observed. In essence, cells were 
being subjected to spatial shear stress gradients, of different shear stress levels over 
the experimental duration, i.e. temporal shear stress. The temporal shear stress was 
applied to the cells in a pulsatile like manner, over a 2240 s period – detailed as 
follows. Initially, the Base Reference Shear was set to 0.25 dyn/cm
2
, from zero to  
60 s, essentially the lowest possible shear stress capable on the microfluidic platform; 
to ensure sufficient consistent flow for providing nutrients to the immobilised cells 
by means of the syringe pump. Secondly, for a period of 300 s a Base Reference 
Shear of 3.3 dyn/cm
2
 was applied, followed by an increase in the Base Reference 
Shear to 10 dyn/cm
2
 for a period of 300 s. This cycle was repeated twice more, with 
the Base Reference Shear of 0.25 dyn/cm
2
 application period extended to 300 s 
(Figure 5.6). The cycles are referred to in the manuscript by, first, second, and third 
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cycle, with each cycle containing each of the applied Base Reference Shear. A period 
of 300 s was selected for the duration of the application of each shear in the cycle 
based on results obtained for spatial shear stress gradient. For a Reference Shear of 
10 dyn/cm
2
 and higher, HEK-293 cells had a cellular response time less than 300 s, 
such that idealistically the Base Reference Shear of 0.25 dyn/cm
2
 could essentially be 
a period of minimal shear stress, or “rest” for shear experienced along the cell 
surface. For ease of analysis, the channel was again separated figuratively into the 
same four aforementioned regions. The cells were classified to be located in one of 
the four regions during analysis, if 50% or more of the cell surface was located 
within the region boundaries.  
The Calcium influx experienced by the application of temporal shear stress was 
quantified by measuring changes in the intensity of the Fluo-4AM; which was 
normalised to the basal level, for the entire experimental duration (Figure 5.6) (see 
Appendix C.4 for experimental fluorescent images). To examine the influence of the 
pulsatile cycles, we examined the results at the end of each of the three pulsatile 
cycles for the experiment duration carried out to that point in time. We investigated 
two parameters throughout the three pulsatile cycles (Figure 5.7a): (1) the maximum 
fold increase of [Ca
2+
]i, and (2) percentage of activated cells; to determine if the 
presence of temporal shear stress influences the intracellular calcium signalling 
response. Viability was 96 ± 3%; with no significant difference in viability observed 
between different applied shear stresses during temporal shear stress experiments 
(Appendix C.4). 
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Figure 5.6| Intracellular Calcium Signalling Response of HEK-293-TRPV4 Cells Experiencing 
Temporal Shear Stress. (a-d) Normalised single cell intensity profiles for cells located in the one of 
the four designate regions. The applied shear stress (dyn/cm
2
)
 
is denoted on the graphs, for the period 
of time between the dashed lines (see Appendix C.4 for experimental fluorescent images). 
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The temporal shear stress sensitised the response of TRPV4 channels to shear 
stress, as can be observed through inspecting the maximum fold increase of [Ca
2+
]i as 
well as percentage of activated cells. For example, in Region 1 the maximum fold 
increase of [Ca
2+
]i increased by 0.18 ± 0.03 (P>0.001, N=4) after the second cycle in 
comparison to the first cycle (Figure 5.7a (i)). In addition, for Region 2 the 
percentage of activated cells increased by 58 ± 7% (P>0.01, N=4) fold, after the third 
cycle compared to the first cycle (Figure 5.7a (ii)). Furthermore, taking note that 
very little significance was observed between the second and the third cycles, as the 
response was already saturated. In Region 4, the cells experienced the largest range 
of shear stress across the pulsatile cycles, which enabled us to examine the effect of 
pulsatile shear stress. Of interest is the increase of the percentage of activated cells in 
response to Reference Shear of 35 dyn/cm
2
, during the first cycle, by 45 ± 6% 
(P>0.0001, N=3) fold compared to the Reference Shear of 12 dyn/cm
2
. In the second 
cycle, cellular responses followed a similar trend, increasing by 25 ± 6%  
(P>0.001, N=3) fold, however, for the third cycle no difference was observed 
between the two Reference Shear (12 and 35 dyn/cm
2
).  
Furthermore, we compared the influence of the presence of the temporal shear 
stress, compared to the case in which just spatial shear stress gradient is present. The 
duration of a singular pulsatile cycle was consistent to the duration of the spatial 
shear stress gradient experiments. Parameters we considered were: (1) the maximum 
fold increase of [Ca
2+
]i; (2) percentage of activated cells; and the (3) cellular and  
(4) peak response times – which are displayed for Regions 2 and 4 in Figure 5.7b. 
For the maximum fold increase of [Ca
2+
]i, a significant difference in Region 4 was 
observed with the presence of temporal shear stress. The maximum fold increase of 
[Ca
2+
]i was higher for the spatial shear stress gradient in the absence of temporal 
shear stress, by 0.40 ± 0.05 (P<0.0001, N=3), and 0.21 ± 0.05 (P>0.001, N=3), in 
comparison to the first and third pulsatile cycles, respectively. However, it should be 
noted that minimal differences were observed for Regions 1 to 3, whether or not 
temporal shear stress was present. A significant difference in the percentage of 
activated cells was observed between the spatial shear stress gradient and the first 
cycle of pulsatile shear stress; however, differences became insignificant in the third 
cycle of the pulsatile shear stress. For example, for Region 2, a spatial shear stress 
gradient resulted in a higher percentage of activated cells by 71 ± 8%  
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(P<0.0001, N=3) fold, compared to the first cycle.  
Additionally, a comparison was undertaken for the cellular and peak response 
times just considering the first cycle. This was done as the first pulsatile cycle 
contained the application of the initial stimulus, so a direct comparison of the 
response times can be achieved. Both the cellular and peak response times were 
faster for a spatial shear stress gradient in the absence of temporal shear stress. For 
example for Region 2, the spatial shear stress gradient was observed to have lower 
cellular and peak response times by 436 ± 40 s (P<0.0001, N=3), and 440 ± 33 s 
(P<0.0001, N=3), respectively. These results, indicate that the presence of temporal 
shear stress, provides a more controlled intracellular calcium signalling response, due 
to the increased peak and cellular response times, and gradual increase of the 
percentage of activated cells which eventually aligned with the spatial shear stress 
gradient (in the absence of temporal shear stress), after the third pulsatile cycle. 
 
Figure 5.7| Response Characteristics for HEK-293-TRPV4 Cells Experiencing Temporal Shear 
Stress. Comparison of the response characteristics of: (a) the (i) maximum fold increase of [Ca
2+
]i;  
(ii) percentage of activated cells across the three cycles; and (iii) percentage of activated cells for 
region four - for three cycles of pulsatile shear stress (taking note, that each cycle consists of three 
applied shear stress levels). (b) The comparison of response characteristics between spatial shear 
stress gradients in the absence and presence of temporal shear stress for: (i) maximum fold increase of 
[Ca
2+
]i; (ii) percentage of activated cells; (iii) cellular, and (iv) peak response times (see Appendix 
C.4 for experimental fluorescent images). Data are presented as the mean ± SEM, *P<0.05, **P<0.01, 
***P<0.001 and ****P<0.0001. 
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Here we have demonstrated through experiments and statistical analysis, the 
influence of spatial shear stress in HEK-293-TRPV4 cells. The spatial shear stress 
gradient was achieved through using a specifically designed trapezoid microchannel. 
The ability to produce a trapezoid microchannel, one with a slopping top was 
realised with advances in 3D printing technologies. We investigated the influence of 
shear stress gradients, with experiments conducted at different shear stress levels 
(through applying an appropriate flow rate). Furthermore, we investigated the 
influence of the presence of temporal shear stress. The channel enables concurrent 
examine of different shear stress levels across the channel, which we achieved by 
figuratively separated into four regions during analysis – with a maximum shear 
stress ratio of 3.5 times. Taking note that cells were immobilised using 
Discontinuous Dielectrophoresis, with cells remaining immobilised to the glass 
substrate of the platform during the application of high shear stress levels. 
Our experiments revealed that a spatial shear stress gradient influences 
intracellular calcium signalling of cells, as observed when comparing cellular and 
peak response times, percentage of activated cells, and maximum fold increase of 
[Ca
2+
]i. An increase shear stress across the four regions, resulted in a decreased 
cellular and peak response times; however, no clear trend was observed in the 
percentage of activated cells and maximum fold increase of [Ca
2+
]i. Additionally, we 
examined the influence of temporal shear stress, with different shear stress levels 
applied at intervals of 300 s, in a pulsatile like manner. Our experiments into 
temporal shear stress revealed that, the percentage of activated cells and maximum 
fold increase of [Ca
2+
]i, increased from the first pulsatile cycle to the third cycle. 
Additionally, a comparison was undertaken between the presence and absence of 
temporal shear stress results. In the presence of temporal shear stress the percentage 
of activated cells was observed to be lower. Furthermore, the cellular and peak 
response times were faster for cells experiencing just a spatial shear stress gradient, 
than cells also experiencing temporal shear stress. This indicated that temporal shear 
stress influences intracellular calcium signalling response for HEK-293TRPV4 cells, 
in the presence of spatial shear stress. Further suggesting that the role of TRPV4 may 
be underestimated in endothelial cells, which experience high levels of shear stress 
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that vary in the degrees of complexity. 
The microfluidic system described facilitated the investigation into the response 
of intracellular calcium signalling of cells that do not adhered well to surfaces, or, of 
which are normally grown in suspension to a spatial shear stress gradient. 
Experiments can be conducted at different shear stress levels and different temporal 
shear stress configurations; which we highlighted through examining the influence of 
pulsatile shear stress on intracellular calcium signalling. The microfluidic platform 
can be used to conduct various experiments to examine the influence of spatial shear 
stress gradients, providing more insight into the response of cells to the 
microenvironment, in regards to their response to shear stress, which has a varying 
nature under different conditions – physiological and pathological. 
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This chapter focuses on the contributions and conclusions that have arisen from the 
research presented in this thesis. Furthermore, recommendations for potential future 
work, pertaining to the work presented in the thesis are discussed. 
The major conclusion of the work presented in the thesis was that Discontinuous 
Dielectrophoresis presents a suitable alternative to immobilisation strategies, 
especially for loosely adherent/non-adherent cells, which was displayed in the case 
of Saccharomyces cerevisiae yeast cells and HEK-293 cells. Furthermore, 
Discontinuous Dielectrophoresis offers the ability to investigate high shear stress 
flows, such that the entire physiological shear stress range can now be investigated - 
which was previously limited to the low end of this range. However, the suitability of 
Discontinuous Dielectrophoresis will depend also on the cell line of interest. 
Specific conclusions were as follows: 
 The ability of Discontinuous Dielectrophoresis, in regards to immobilisation of 
cells to withstand high shear stress was presented for both Saccharomyces 
cerevisiae yeast cells and HEK-293 cells (Chapters 2 and 3, Objective 1). In 
contrast to conventional immobilisation methods, Discontinuous 
Dielectrophoresis does not rely on substrate surface modification; also, 
Discontinuous Dielectrophoresis offers dynamic control of the 
microenvironment, and parallelisation. Such that at optimal conditions, for HEK-
293 cells a trapping efficiency of 90% with an applied shear stress level of 63 
dyn/cm
2
, was observed. For immobilisation of HEK-293 cells, the optimal 
operating conditions were determined to be the application of a 5 
 Vpk-pk AC sinusoid operating at 10 MHz, for a period of 120 s. An increase in 
voltage did not improve the trapping efficiency, in fact, this reduced the trapping 
efficiency, due to a high density of cells being immobilised at the first 
microelectrode (finger) pair and increased electric field strength. Decreasing the 
voltage to around 5 Vpk-pk resulted in a uniform distribution of cells across all the 
microelectrode pairs, which caused the cells to remain better immobilised to the 
glass substrate. Further decreasing the voltage, resulted in a decreased population 
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of cells being immobilised, and a lower trapping efficiency at higher levels of 
shear stress. 
 Discontinuous Dielectrophoresis overcomes two considerable downsides of 
Dielectrophoresis, the long-term exposure to strong electric fields, and the use of 
LEC isotonic buffers - both of these aspects have the ability to affect the viability 
and functionality of cells. The effects on viability when invoking Discontinuous 
Dielectrophoresis was considered, which was done by completing viability 
assays over a 240 minute duration - with experiments into intracellular calcium 
signalling generally taking less than 20 minutes (Chapters 2 and 3, Objective 1). 
Such that at the completion of 240 minutes, in the event of (conventional) 
Dielectrophoresis, cells had a viability rate of 72%; however, invoking 
Discontinuous Dielectrophoresis resulted in viability rates of 92% and 98%, for 
LEC and HBS, which were used after electric field deactivation, respectively. 
Furthermore, at the completion of each intracellular calcium signalling 
experiments, a PI viability assay was completed, with cell viability greater than 
90% - which aligned with off-chip/conventional techniques. Thus indicating, that 
Discontinuous Dielectrophoresis did not affect the ability of intracellular calcium 
signalling response of HEK-293-TRPV4 to stimulus (shear stress). 
 Discontinuous Dielectrophoresis, enabled the investigation of intracellular 
calcium signalling of HEK-293-TRPV4 cells in response to high shear stress 
levels, at a singular shear stress level. A shear stress range from 10.5 to  
63 dyn/cm
2
 was examined, which encompassed the physiological shear stress 
range – for instance Hemodynamic forces in the Venus and Arterial systems are 
in the range of 10 to 60 dyn/cm
2
. Results indicated a clear increase in [Ca
2+
]i that 
was dose dependent, as well as an increase in the percentage of activated cells 
(Chapters 2 and 3, Objective 2). 
 For the investigation of concurrent shear stress and chemical stimulation on 
HEK-293-TRPV4 cells (Chapter 4, Objective 3), a shear stress range from 0.875 
to 42 dyn/cm
2 
was examined, with chemical stimulation achieved using 
GSK1016790A (at different concentrations 0, 3.125, and 12.5 nM) – a TRPV4 
selective agonist. The experiments revealed that shear stress sensitises 
GSK1016790A-evoked intracellular calcium signalling of cells in a shear-
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stimulus dependent manner; thus, suggesting that the role of TRPV4 may be 
underestimated in endothelial cells, which experience high levels of shear stress. 
Furthermore, cellular and peak response times, decreased with increasing shear 
stress, regardless of the concentration of GSK1016790A.  
 In addition to examining the influence of chemical stimulation via 
GSK1016790A with concurrent high shear stress stimulation, the influence of the 
suspending buffer was investigated. This was done with LEC and HBS buffers, 
at two concentrations of GSK1016790A (3.125 and 12.5 nM) - at a negligible 
shear stress level of 0.875 dyn/cm
2
. Intracellular calcium signalling of HEK-293-
TRPV4 cells were influenced by the buffer, as apparent through observations in 
the cellular and peak response times, percentage of activated cells, and 
intracellular calcium level. Regardless of the buffer the cells were suspended in, 
an increase in intercellular calcium level was observed with increasing 
GSK1016790A concentration – although cells suspended in HBS exhibited 
higher maximum intracellular calcium level. Furthermore, cells suspended in 
HBS exhibited faster response times compared to cells suspended in LEC. At 
12.5 nM, no clear difference was observed for the percentage of activated cells; 
however, for the lower concentration of GSK1016790A of 3.125 nM, percentage 
of activated cells was 16 ± 1% fold higher in HBS, compared to LEC. 
 Expanding on high shear stress level analysis, which was previously undertaken 
for a singular shear stress, analysis into spatial shear stress gradients and 
dynamic shear stress, in the form of temporal shear stress. Spatial and temporal 
shear stresses were observed to influence intracellular calcium signalling, which 
was made apparent through comparing cellular and peak response times, 
percentage of activated cells, and maximum fold increase of [Ca
2+
]i (Chapter 5, 
Objective 4). A specifically designed trapezoid microchannel was designed to 
produce a spatial shear stress gradient across the width of the microchannel. An 
increase in shear stress across the width the channel, resulted in a decreased 
cellular and peak response times; however, no apparent trend was observed in the 
percentage of activated cells and maximum fold increase of [Ca
2+
]i. Additionally, 
in comparison to a singular shear stress, revealed that the cellular and peak 
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response times were considerably faster than the response times observed for 
singular shear stress of the same magnitude.  
 The influence of temporal shear stress was examined on the trapezoid 
microfluidic platform. Temporal shear stress was achieved by applying different 
shear stress levels at intervals of 300 s, in a pulsatile like manner. The 
experiments revealed that for temporal shear stress, the percentage of activated 
cells and maximum fold increase of [Ca
2+
]i, increased from the first to the third 
pulsatile cycle. Additionally, a comparison was undertaken between the presence 
and absence of temporal shear stress results. In the presence of temporal shear 
stress the percentage of activated cells was observed to be lower. Furthermore, 
the cellular and peak response times were faster for cells experiencing just a 
spatial shear stress gradient, than cells also experiencing temporal shear stress. 
Thus, indicated that temporal shear stress influences intracellular calcium 
signalling response for HEK-293-TRPV4 cells, in the presence of a spatial shear 
stress. Further suggesting that the role of TRPV4 may be underestimated in 
endothelial cells, which experience high levels of shear stress that vary in the 
degrees of complexity. 
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Throughout the research conducted in regards to this thesis, a few avenues for further 
research have been identified. These are listed below: 
 The Discontinuous Dielectrophoresis procedure as outlined in Chapters 2 and 3, 
was characterised for both Saccharomyces cerevisiae yeast cells and HEK-293 
cells, in future, additional cells need to be characterised using the Discontinuous 
Dielectrophoresis. This will provide a further indication of the ability of 
Discontinuous Dielectrophoresis as a technique used for the immobilisation of 
non-adherent cells, especially, when high shear stress investigation is a primary 
focus.  
 In particular, Discontinuous Dielectrophoresis, opens new opportunities to study 
mechanotransduction of non-adherent cells in response to high shear stress. This 
is of importance, as the restrictive capabilities of current tools, has limited 
progress in identifying mammalian mechanoreceptors and mechanisms of action 
of these receptors. As with the previous point, the cells will need to be 
characterised using Discontinuous Dielectrophoresis. 
 The mechanism in which Discontinuous Dielectrophoresis immobilise loosely 
adherent cells, on a glass substrate needs further investigation. As experiments, 
revealed the activation of the electric field for a period of 120 s, followed by 
LEC being flushed through the microchannel at high shear stress levels, 
performed poorly; however, in the presence of HBS, approximately 90% of the 
cells remained immobilised at a shear stress of 63 dyn/cm
2
. For instance, the role 
that CAMs (cell adhesion molecules) play in the immobilisation process, using 
Discontinuous Dielectrophoresis, needs to be investigated on a molecular level. 
Throughout the thesis the CAMs have been conjected to be enhanced during the 
Discontinuous Dielectrophoresis procedure, which enable the cells to remain 
immobilised in high shear stress flows. This was supported by literature, rather 
than specific investigation into the behaviour of CAMs during Discontinuous 
Dielectrophoresis. In part, to rule out any noteworthy changes in the cellular 
behaviour, caused by the Discontinuous Dielectrophoresis procedure, that may 
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not have arisen during the intracellular calcium signalling analyses presented in 
thesis.  
 The complexity of the microenvironment needs to be improved, such that the 
microenvironment provides a better replication of the shears stress experienced 
by cells in the human body, such as in the Venus and Arterial systems, to gain a 
more substantial insight into the influence of shear stress. The results presented 
in Chapter 5, highlight that the use of spatial shear stress gradients, and dynamic 
(temporal) shear stress, produce significantly different results; furthermore, 
results were also observed to differ to the application of a singular level of shear 
stress. The use of the trapezoid channel, a channel with such a profile was made 
possible with advances in 3D printing technologies. The use of more complex 
microchannels other than straight microchannels need to be considered, to 
provide further insight into the role that shear stress plays in physiological and 
pathological conditions. 
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In order to calculate the contours of electric field, the Laplace equation was solved 
within the microfluidic channel by applying appropriate electric potentials at the 
microelectrodes while zero electric flux at other surfaces of the chamber, including 
the bottom, top and sidewalls:  
∇2𝜙𝑟𝑚𝑠 = 0.                 (A.1) 
The electric field was calculated by differentiating the electric potential:  
𝐸 = −𝛻𝜙𝑟𝑚𝑠.               (A.2) 
The time average dielectrophoretic force was calculated by calculating the gradient 
of electric field square:  
〈𝑭𝐷𝐸𝑃〉 ∝  ∇𝑬
2,               (A.3) 
The contours of E and ∇E2 produced by inter-digital microelectrodes used for robust 
immobilisation of cells are presented in Figure A.1. 
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Figure A.1| Characterisation of microelectrodes used for robust immobilisation of cells. (a) Contours 
of electric potential, φ (b) Contours of electric field, E (c) Contours of the gradient of electric field 
square, ∇E2 obtained by numerical simulations. 
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Considering the HEK-293 cells as a homogenous spherical structure, the Clausius-
Mosotti factor, fCM can be evaluated as follows [1]: 
 𝑓𝐶𝑀 =
𝜀∗𝑐𝑒𝑙𝑙−𝜀
∗
𝑚𝑒𝑑
𝜀∗𝑐𝑒𝑙𝑙+2𝜀∗𝑚𝑒𝑑
,                         (A.4) 
where, complex permittivity, ɛ*, is given by: 
 𝜀∗ =  𝜀 − 
𝑖𝜎
𝜔
, 𝑖 =  √−1,                                                            (A.5) 
where, ε* and ε are the complex and real permittivity, respectively, σ is the electrical 
conductivity, and ω is the angular frequency of the applied alternating-current signal. 
HEK-293 cells have a single layer structure, thus, the single-shell spherical model is 
applied to predict fCM. The equivalent complex permittivity of the cell, encompassing 
the cell membrane and cytoplasm is determined by [2]: 
 𝜀∗𝑐𝑒𝑙𝑙 = 𝜀
∗
𝑚𝑒𝑚
[
𝑟𝑚𝑒𝑚
𝑟𝑐𝑦𝑡𝑜
]
3
+2[
𝜀∗𝑐𝑦𝑡𝑜−𝜀
∗
𝑚𝑒𝑚
𝜀∗𝑐𝑦𝑡𝑜+2𝜀
∗𝑚𝑒𝑚
]
[
𝑟𝑚𝑒𝑚
𝑟𝑐𝑦𝑡𝑜
]
3
−[
𝜀∗𝑐𝑦𝑡𝑜−𝜀
∗𝑚𝑒𝑚
𝜀∗𝑐𝑦𝑡𝑜+2𝜀
∗𝑚𝑒𝑚
]
,            (A.6) 
The geometric and dielectric properties of HEK-293 cells are given in Table A.1.  
Table A.1 | Geometric and dielectric properties of viable HEK-293 cells used to determine 
Dielectrophoresis behaviour [3] (8.854x10-12 F/m). 
Parameter Value 
Cell diameter 12.5 µm 
Membrane thickness 7 nm 
Cytoplasm conductivity 0.5 S/m 
Cytoplasm permittivity 60ɛo F/m 
Membrane conductivity 7e
-14
 S/m 
Membrane permittivity 9.5ɛo F/m 
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Computational Fluid Dynamics (CFD) technique was used to calculate the variations 
of shear stress at the glass substrate. Considering that flow is laminar and assuming 
that the liquid is Newtonian, the differential equations corresponding to the balance 
of mass (continuity) of a liquid is given by: 
 ∇ ∙ 𝑼 = 0.               (A.7) 
Furthermore the momentum of the liquid is given by: 
 𝜌𝑙𝑖𝑞𝑢𝑖𝑑(𝑼 ∙ ∇)𝑼 = −∇𝑃 + 𝜇𝑙𝑖𝑞𝑢𝑖𝑑∇
2𝑼.               (A.8) 
Where, U, P, ρliquid, and µliquid, are velocity, pressure, density, and dynamic viscosity 
of the liquid, respectively. The boundary conditions include ambient pressure at the 
inlet, desired flow rates at the outlet, and no-slip at the walls. Presented in Figure 
A.2 is the resulting velocity distribution along the cross section of the microchannel 
obtained by CFD simulations. 
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Figure A.2| Distribution of velocity along the cross section of the microchannel.  
(a) Velocity vectors; (b) Velocity contours obtained by computational fluid dynamics (CFD) 
simulations. 
Assuming that the immobilised cells do not alter the flow field, the shear stress 
applied over the glass substrate is obtained, as below: 
 𝛕|𝑔𝑙𝑎𝑠𝑠_𝑠𝑢𝑏 = 𝜇𝑙𝑖𝑞𝑢𝑖𝑑
𝜕𝑈
𝜕𝑧
|
𝑧=0
.              (A.9) 
The distribution of shear stress over the glass substrate, obtained by CFD simulations 
is presented in Figure A.3. 
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Figure A.3| Variations of shear stress over the bottom surface of the microchannel. (a) Contours of 
shear stress obtained at a flow rate of 100 µl/min. (b) variations of shear stress applied over cells 
across the width of the microchannel at different flow rates of 10, 20, 30, 40, 60, 100, 120, and  
180 µl/min. 
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Figure A.4| Characterising the trapping efficiency of HEK-293 cells at different operating voltages of 
2.5, 5 and 10 Vpk-pk at different operating conditions. (a) Group-two: Continuous DEP-LEC.  
(b) Group-three: discontinuous DEP-LEC. (c) Group-four: discontinuous DEP-LEC-HEPES. 
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Figure A.5| Trapping efficiency of yeast cells in two operating conditions: Discontinuous  
DEP-LEC (similar to Group-three presented in Figure 3.3a) and Discontinuous DEP-LEC-HBS 
(similar to Group-four presented in Figure 3.3a).   
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Figure A.6| Shows representative bright field and fluorescent images of immobilised  
HEK-293-TRPV4 cells loaded with Fluo-4AM acquired at 80, 300, and 840 s upon application of  
(a) 10.5 dyn/cm
2
 shear stress corresponding to a flow rate of 30 µl/min. (b) 42 dyn/cm
2
 shear stress 
corresponding to a flow rate of 120 µl/min. (c) 63 dyn/cm
2
 shear stress corresponding to a flow rate of 
180 µl/min. 
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Figure B.1| Microfluidic platform used for the investigation of concurrent chemical and shear stress 
stimulation. (a) Photograph of the microfluidic platform; (b) Schematic representation of the 
microfluidic platform, with immobilised cells under an increased shear stress; (c) (i) Overview of the 
setup of from a top view perspective, (ii) Microelectrode dimensions, (iii) microchannel dimensions.  
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Figure B.2| Corresponding Contours for the Designed Microelectrodes excited by a  
5 Vpk-pk 10 MHz sinusoid. (a) Electric potential contours, φ; (b) Electric field contours, E; and  
(c) gradient of the electric field squared contours, ∇E2. All contours obtained by numerical simulations 
[1]. 
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Figure B.3| Bright field images with accompany fluorescent images of Fluo-4AM (Calcium 
Signalling, green) and PI (Viability, red) for investigating the influence of the suspension media on 
intracellular calcium signalling. Snapshots were obtained at 60, 300, and 600 s. Two different 
concentration of GSK1016790A were used to investigate this influence, being (a) 3.125, and  
(b) 12.5 nM. The response of cells suspended in (i) LEC is compared to those suspended in (ii) HBS; 
additionally, (iii) a control experiment was conducted with NT HEK-293 cells suspended in HBS. 
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Figure B.4| Schematic of Cell a Single Cell Simulation Structure. (a) Cell diameter of the spherical 
structure is set to 15 µm. (b) The cell is then pushed 1.5 µm into the substrate, to account for this  
(c) the size of the cell is scales up by 100.94% to ensure the cell volume remains consistent. 
 
Figure B.5| Schematic of Adjacent Cell Simulation Structure. (a) Cell diameter of the spherical 
structure is set to 15 µm. The cells are then pushed 1.5 µm into the (b) substrate and into the (c) other 
cell. (d) To account for these structural changes the size of the cell is scales up by 101.27% to ensure 
the cell volume remains consistent. 
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Figure B.6| Corresponding velocity and shear stress profiles for a 500 x 80 µm microchannel, with a 
flow rate of 120 µl/min, being applied. (a) Cross sectional velocity profile of the microchannel, and 
(b) shear stress profile over the immobilised cells on the glass substrate (microscope slide), for an 
applied flow rate of 120 µl/min, corresponding to 80 mm/s, respectively. All contours obtained by 
computational fluid dynamic simulation. 
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Figure B.7| Extended Cell Cluster Configurations. The basic cell cluster configuration is comprised of 
two rows, each with seven cells. (a) Comparison between an (i) aligned configuration and (ii) off-set 
configuration. (b) Average shear stress for each of the cells. Numbering 1 to 7 for cells positioned in 
the row from left to right. F and B, denote the cell is located in either the front or the back row of the 
cluster, respectively. The turquoise (left) set is for the aligned configuration, whilst the purple (right) 
set is for the off-set configuration cells. 
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B.8  
 
 
Figure B.8| Bright field images with accompany fluorescent images of Fluo-4AM (Calcium 
Signalling, green) and PI (Viability, red) for investigating the influence of the intracellular calcium 
signalling response under concurrent shear stress and GSK1016790A stimulation. Snapshots were 
obtained at 60, 300, and 900 s. Three different concentration of GSK1016790A were used being  
(a) 0.0, (b) 3.125, and (c) 12.5 nM. The influence of shear stress was examined at three different levels 
being (i) 0.875, (ii) 12.5, and (iii) 42 dyn/cm
2
. 
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Figure C.1| Shear stress analysis for different channel dimension combinations. Comparison (a) the 
sidewall heights of the microchannel focusing on the effect on the long side height, completed for two 
different short side heights of 15 and 25 µm, at a set channel width of 300 µm; and (b) various 
channel widths for a set height combination of 15 and 150 µm. 
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Figure C.2| Spatial shear stress over the cell surface. Analysis is undertaken for (a) five equidistant 
immobilised cells spanning the width of the microchannel, and (b) an immobilised cell cluster 
containing nine cells located in Region 4. The analysis corresponds to the cell configurations featured 
in Figure 5.3. 
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Figure C.3| Bright field images with accompanying fluorescent image of Fluo-4Am (calcium 
signalling, Green), and Propidium Iodide (PI, Viability, Red) for investigating the influence of 
gradient shear stress on intracellular calcium signalling. Snapshots were obtained at 60, 300, and 600s. 
(a) Three different Reference Shear Stress were used to investigate the influence of gradient shear 
stress on HEK-293-TRPV4 cells, being (i) 0.25, (ii) 3.3, (iii) 10 dyn/cm
2
. This can be compared to (b) 
NT-HEK-293 cells, completed at a Reference Shear Stress of 10 dyn/cm
2
. 
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Figure C.4| Bright field images with accompanying fluorescent image of Fluo-4Am (calcium 
signalling, Green), and GSK1016790A (Viability, Green, 12.5 nM) for investigating the influence of 
temporal shear stress on intracellular calcium signalling. (a) The bright field, and (b) GSK1016790A 
viability assay. (c-e) show the fluorescent images for the three pulsatile cycles, in which three images 
are displayed, an image for each of the three Reference Shear Stress (i) 0.25, (ii) 3.3, (iii) 10 dyn/cm
2
. 
Take note that each of the images is obtained 60 s prior to a change in shear stress level, except (c)(i), 
which is taken just prior to a change in shear stress. 
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